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Abstract
Wire and arc additive manufacturing technology has the unique characteristics of high deposition
rate, open architecture and high energy efficiency during the manufacturing of metal products.
This thesis focuses on controlling the quality of deposited beads in the single layers of a multilayered wall using gas tungsten arc welding-based additive manufacturing. The quality of a
deposited bead is strongly associated with its geometry, hence the width of weld bead should be
monitored and controlled. A passive vision sensor system has been combined with an adequate
composition of filters to filter out the arc light. An adaptive exposure-time control method was
developed to obtain clear weld bead images under various welding conditions. The significance
of welding parameters on weld bead geometry was thoroughly analyzed. The welding parameters
with the strongest effect on weld bead geometry were isolated using the ANOVA statistical
analysis technique. A closed-loop controller was developed to regulate the weld bead width. This
approach was based on the features of deposited bead images extracted through an improved edge
detection algorithm and image enhancement techniques. The results indicate that the proposed
system is capable of capturing clear weld bead images during the welding process and controlling
the width of deposited beads.

Key Words: GTAW based additive manufacturing; Passive vision sensor; Image enhancement;
Improved edge detection algorithm; Adaptive exposure time control system; Closed-loop control;
Deposited bead width
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1 Introduction
1.1 Introduction and Background
“3D printing is the technology that has the potential to revolutionize the way we make almost

everything” called by American President Barack Obama, in 2013, State of the Union Address.
As well as White House officials have stated in August 2012, a 30 million dollars investment
to create a National Additive Manufacturing Innovation Institute (NAMII) in Youngstown,
Ohio. The partnership was selected through a competitive process, led by Department of
Defense, and the private industry consortium will add another 40 million dollars to the pilot
program. This alternative technology has gained a lot of momentum over the last years. After
having arrived in the mass market, the emerging technology has the ability to change
traditional manufacturing in general.

Additive manufacturing has been defined as a process of integrating fed materials to produce
objects from 3D model data layer by layer[1]. Generally, it is also known as rapid
manufacturing[2] or rapid prototyping[3].

This revolutionized process has gained significant attention in aerospace, automotive, and
rapid tooling industry[4] due to its various advantages[5-8]. Considering it also named as rapid
prototyping, it can produce the product in relatively short time. It is also referred to the time
that we design the products in various software. With the application of CAD, it saves
considerable time. Comparing to the traditional subtractive manufacturing such as casting,
machining, AM is more geometrical freedom with its capability of automating the AM process
from designing the product to implementation in CAD environment[9]. This may alleviate
human intervention involved for each part of manufacturing and reduce the production time.
Moreover, as opposed to subtractive manufacturing, namely machining, casting and stamping
which produce objects by cutting off unwanted materials from the raw materials[10-12], AM
has the capability to enhance the efficiency of usage of raw materials and generate less
3

wastage[1]. Hence it is an economical technique for producing parts where the expensive
materials such as titanium or nickel alloys have been used as the fed materials[13].
Additionally, AM is an environmentally friendly process as well[14]. The amount of energy,
fuel and natural resources used for the AM operation has been significantly reduced due to its
high energy efficiency and less wastage[15]. Hence, the interests of AM has been expanded
dramatically in recent years.

Additive manufacturing system can be categorized according to the feed materials, energy
source and size of the part to be built[16]. Generally, a powder bead combined an inkjet head
is utilized in building plastic products by using lasers as the heat source to melt the fed
materials. With the demand for manufacturing of metal objects, an emerging technology
which achieves the goal of making metal objects is ‘metal additive manufacturing’ or ‘wire
feed additive manufacturing’. The utilization of an electric arc which is used as energy source
and wire which is used as feed material is known as wire and arc additive manufacturing. It
has been firstly introduced and started an investigation for AM purpose since the 1990s[17].
The hardware setting of WAAM currently uses standard, unshielded welding equipment
which includes a welding torch, welding power supply (current and voltage) and a wire
feeding system[16]. The movement of welding torch can be achieved either by robotics
systems shown in Fig1.1 (a) or a computer numerical controlled gantries shown in Fig1.2
(b)[18].

(a)

(b)

Fig1.1: (a) Robot welding system, (b) computer numerical welding system [18]
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Generally, the tungsten inert gas welding (TIG) which is commonly known as Gas tungsten
arc welding (GTAW), shown in fig1.2 [16], is an arc welding process[19]. An unconsumed
tungsten electrode has been used to produce the arc and performs the welding. The inert
shielding gas has been applied and injected into the weld area to protect the welding process.
The fed material is melt and used to weld. The electrical energy is produced by a constant
current welding power source and used to melt the fed materials[20].

Generally, the GTAW is mostly used to weld non-ferrous metal such as aluminum, nickel,
titanium and copper alloys. The safe welding process allows the operator to have a great
controlling on the welds comparing to more severe welding processes such as GMAW(gas
metal arc welding) and shielded metal arc welding. Thus a greater quality and stronger welds
could be produced.

Fig1.2: Illustration of GTAW[16]

During the welding process, the weld droplets formed between electrode and work piece
produce the molten pool at work piece. The molten pool is the area where base metal and feed
materials are fused together. In wire and arc additive manufacturing, continuously adding
droplets into pervious layers forms the three-dimensional object[21].

Besides the standard benefits of additive manufacturing, geometrical freedom, less wastage of
materials, high deposition rate, less cost, and cleaner. It still has more potentials compared to
traditional technologies[16]:

5

● Various power source

The different type or brand of power source could be supplied to the WAAM process as well
as operators can retain total control over the hardware. The WAAM process can be
manipulated by software as well where the software controls the welding process by adjusting
input variables and can be used to connect to various external equipment with welder such as
ABB robot in the manufacturing[22]. Moreover, any deposition parameters are free to be
changed by users through software.
● Part size

Unlike traditional AM technologies, the volume of product is determined by the size of
machines. Within WAAM, feed materials such as aluminum or steel have less requirement
for shielding gas[23]. Hence, the volume of product is restricted exclusively by the reach
capability of the operator. However, for some materials with restricted welding condition,
such as titanium, the size of the product is restricted by the scale of the shield utilized to build
the inert environment.
● Deposition rate

The deposition rate is considerably high comparing the traditional AM methods, which results
in less time taken to produce a large volume of products. The deposition rate is quite
associated to different fed materials. For the common feed materials such as aluminum and
steel, most components can be finished within one working day. However, it still can reach
higher deposition rates, but this may compromise the quality of the part[16].
● Higher energy efficiency

Laser as a common heat source in AM process, has poor energy efficiency [24]. Using the
electron beam as the energy source will increase the energy efficiency slightly. Normally, the
energy efficiency of the electron beam is from 15% to 20%. But a high vacuum working
environment is required [25]. Considering the poor energy efficient of the electron beam and
laser as heat source, the electric arc has been introduced as the power source. The energy
efficiency of arc welding process such as metal inert gas welding (MIG) or tungsten inert gas
welding (TIG) is up to 90% in some conditions [26, 27].
6

Based on the current study upon WAAM, several issues exist in current wire and arc additive
manufacturing technique:
● Residual stress

The arc as the energy source can generate a significant amount of heat input during the
welding process, which results in high residual stress observed in distortion on base metal[28].
Residual stresses are referred as the shrinkage while welds are cooling and are mostly
manifested along the welding direction[29].
● Quality of appearance

The surface appearance and accuracy of geometrical size is the primary requirement for
implementation of WAAM. One may notice that each previous layer is a sub-base for
subsequent deposition in WAAM. During the subsequent deposition, molten wires wet and
spread on the previous layer and gradually generate a new layer. Hence, the surface
appearance of the new deposited layer depends on the previous one. A smooth and consistent
layer appearance is beneficial for the final part’s surface quality. Furthermore, with the
number of deposition layers getting large, heat accumulation gradually increases and the
condition of heat conduction to substrate becomes worse. Consequently, the deposited layers
are progressively growing large after five layers[30, 31]. Hence, how to guarantee the
consistency and quality of deposited layers is the main issue.

1.2 Aims and Objectives
1.2.1 Aims
My research goal is keeping the consistency and quality of weld bead width at first layer of
multi-layered product produced by GTAW based WAAM. .
The goal is achieved through a complex closed-loop control which includes an image
acquisition system, an image enhancement method, an improved edge detection algorithm
and a width controller. The feasibility of the control system was proved based on the
appearance of deposited weld bead at different conditions.
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1.2.2 Objectives
The objective of this thesis:
1) Conducting a literature review about relevant GTAW welding process and how the
welding processes parameters influence the geometry of weld bead.
2) The configuration of CCD camera will be adjusted dynamically according to different
welding conditions to capture suitable visual data. This will be achieved by off-line
analyses of the influence of welding parameters on weld bead geometry, and designing
an adaptive exposure-time control method.
3) The width of weld bead will be measured by using an image enhancement method and an
improved edge detection algorithm. The details and features within the welding images
can be extracted through the algorithms, which reaches the requirement of expected
processing speed and accuracy. It allows the weld bead width to be measured accurately.
4) A fuzzy control model is designed. This fuzzy logic controller will be established based
on the measured width of weld bead. The output variable, will be used to adjust the
welding process to obtain the desired width.
5) The feasibility and accuracy of the complete weld bead width controller will be verified
by several experiments.
6) The complete system is integrated by the Labview. The software will be developed to
capture the welding images, perform image processing, edge detection and width control.

1.3 Thesis Outline
Generally, the chapter1 discusses the background about rapid-prototyping (additive
manufacturing) and wire-arc based additive manufacturing

Chapter2 details a literature review on the current study about WAAM, the vision system of
monitoring welding process, typical image processing methods and effective intelligent
controllers.
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Chapter3 outlines the hardware setup and software development in a robot WAAM system.
The welding devices, interface cards and robot system have been described. The detailed
programmes of the complete control system are illustrated in the appendix.

Chapter4 explores the advanced experiment design methods to conduct proper experiments
and the results are analyzed by corresponding statistical analysis method to determine the
appropriate welding parameters to be controlled. The effectiveness of determined welding
parameters are verified through several experiments.

Chapter5 presents the analyses of how the exposure-time influences the quality of welding
images. And an adaptive exposure time control system has been developed to adjust the
camera configuration dynamically based on different currents.

Chapter6 illustrates the image enhancement method to reduce the effect of strong arc light. It
also presents an improved edge detection method and edge correction process. The accuracy
and robustness of this technique was proved. The measured width could be applied in the
width controller.

Chapter7 outlines the design of weld bead width control method. The effectiveness of the
complete controller has been proved based on experiments at different conditions.
Chapter8 is presented as a conclusion to summarize the findings. The details of future plans
related to this project have been discussed.
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2 Literature Review
2.1 Introduction
In this section, state of art about Rapid-prototyping (additive manufacturing) and wire-arc
based additive manufacturing, the common challenges among WAAM and associated
solutions have been comprehensively introduced. Particular consideration is given to
mathematic model and statistical analysis on the estimation of the critical parameters of
welding process on weld bead quality. The detailed image acquisition system has been
thoroughly discussed through existing literary. Various methodologies of image processing
and edge detection algorithm have been detailedly illustrated. The Different types of
controller used in WAAM are introduced in this section as well.

2.2 Additive Manufacturing
Additive Manufacturing, commonly known as the 3D print, is referred as processes used to
produce a three-dimensional object where successive layers of material are joined under the
assistance of digital program. Products could be made in any shape or geometry and are
created from digital model data or another electronic data source such as Additive
Manufacturing File. The AM was presented several decades ago. In 1890, a layer based
approach was suggested through continuously cutting layers of plates and stacking plates
together then polishing the plates[32]. This method has not been used until the 1970’s where
this technology began to draw more and more attention and to be utilized as a commercial
process. At the early stages of this method, it used a mixed resin as the feed materials. Until
now, the AM is usually applied a heat source and feed material to form 3D-object. With the
development of computer science and recognition of material, AM has recently emerged as
an alternative and significant commercial manufacturing technology. There are various 3D
printing methods shown in Table1.
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Table1: Different Additive manufacturing techniques [33]

2.3 Metal Additive Manufacturing
Additive manufacturing could be categorized according to the fed materials, energy sources,
the size of a product. Tradition AM methods are frequently using plastic materials as the fed
stock. However, considering the metal materials are the common materials used in various
manufacturing. Building metal parts are the current trend for developing additive
manufacturing. Normally, three main types of metal additive manufacturing are applied to
address this issue, namely power bed system, powder feed system and wire feed systems.

● Powder bed system

A powder bed is built through placing powder which is the fed materials across the work area.
The electron beam and laser are commonly chosen as the energy source. The laser or electron
beam is used to transmit heat to the surface of the powder bed constantly. The fed powder will
be melt or sintered to form the desired shape or geometry. With successively input powder to
the bed and repeat the melting or sintering process, a three-dimensional component is created.
Fig2.1 is the illustration of powder bed system [16].
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Fig2.1: Illustration of powder bed system AM [16]

● Powder feed system
The total volume of these systems is relatively larger. In powder feed based AM, the powder is
directly inputted on the product surface through a nozzle. The laser is used as the heat source to
melt successively inputted powders to form the desired shape and geometry of the component.
The general process of powder feed system is as shown in Fig2.2 [16]. The reaped filling and
melting process can produce the three-dimensional object. However, there are two main tpye of
powder feed based AM: 1). The nozzle is moving while the workpiece remains unchanged. 2).
The workpiece is moving while the nozzle is stationary.

Fig2. 2: Illustration of Powder feed based AM process [16]

● Wire Feed systems
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For the wire feed based AM, the wire is the filling material. The laser beam, the electric arc
could be used as the energy source in this technique. The general scheme of wire feed based AM
is shown in Fig2.3 [16].Usually, the wire is successively inputted onto the work piece surface
and melt by the arc or laser beam to form the desired shape and geometry of product. In general,
wire feed based AM is commonly used to build a large volume of product. However, the
finishing surface is relative poor than previous methods. Thus, the product always needs more
extensive polishing than others.

Fig2.3: General illustration of wire feed system[16]

Consequently, there are a large number of diverse metal additive manufacturing technologies
commercially available. In this thesis, the WAAM is chosen for further analysis.

2.4 Wire and Arc Additive Manufacturing
The wire and arc based AM has combined the utilization of an electric arc which is used as the
heat source and wire which is used as feed materials [34]. With the increasing need to fabricate
metal product[35], it has been extensively investigated recently in AM purpose.

Based on different energy source used in wire and arc based AM, WAAM can be categorized into
three main groups , namely laser based WAAM, electron based WAAM, and arc welding based
WAAM [36]. Among these, AM based on the arc source is more distinguished with its distinct
advantages of high deposition rate, open architecture, safety operation environment, a large
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volume of component, environment friendliness and cost-competitiveness [13]. Normally, the
deposition rate of arc welding based WAAM is up to 130 g/min with the ability to build a
component in considerable short time [37-39]. The laser beam based WAAM is commonly used
in AM technology. But it suffers poor energy efficiency[40].Although the electron beam used as
the energy source has a little bit higher energy efficiency which ups to 20%,

it should be

performed at a strict condition which is the vacuum working environment [41].Thus, as mentioned
before, the energy efficiency of wire and arc based AM is more distinct compared to laser and
electron beam based AM. It leads the wire and arc additive manufacturing to draw more
momentum recently. It has the potentials to be applied in aerospace. The further studying and
research on WAAM are required.

● Challenges among current WAAM

The main challenges existed in current WAAM process can be classified as quality,
mechanical properties controls, and process models.

The consideration given to the drawbacks of metal AM is the structure of the material as well
as the mechanical properties of product based on AM method[41, 42]. The incorrect volume
of input material results in the poor mechanical properties and strength of weld bead.
Meanwhile, several defects observed such as cracks and deformations are strongly associated
with external factors, namely feed material and operation temperature [34, 43-45]. To produce
products with consistent quality, Beuth and Klingbeil have focused on this issue by developing
process maps for predicting melt pool size and related these properties to deposition rate and
power[46].

The variation of weld bead geometry is commonly observed with increasing deposited layers.
The amount of heat input is significantly increased which affected the thermal diffusion[21,
35]. The total heat input during welding process is increased and subsequently, results in wider
weld bead observed after 4th layers. Hence, it is imperative to control the welding processing
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to reach the requirement of the well quality of weld bead[31].

2.5 The Application of Gas Tungsten Arc Welding in WAAM
The arc based additive manufacturing is mainly distinguished based on different power source.
Currently, the metal inert gas (MIG), tungsten inert gas welding (TIG) and gas metal arc
welding (GMAW) have been broadly applied in WAAM.

Tungsten inert gas welding (TIG) is a welding process which uses an unconsumed electrode
to produce an electric arc as the energy source. The electric arc is formed between the
electrode and the work piece within the protection of shielding gas. The fed material is
successively fed into the work piece and melt through the heat source then fused with base
metal material to form the weld bead [47].

The shielding gas is commonly used in welding process to protect the welding area from
oxygen which may result in several defects observed in weld bead such as porosity. The
proper selection of shielding gas for different welding process and fed materials is required.
For GMAW process, the shielding gas is always chosen as argon (Ar). For GTAW process,
the argon with helium is always selected[48, 49].

The electrode applied in GTAW processing is tungsten; sometime tungsten alloy is used. The
tungsten has the highest melting temperature compared to other metal materials, and the
tungsten electrode is not melted or consumed during welding process[50]. The electrode is
used to produce the arc between electrode and work piece to melt the feed materials.

The power supply of the GTAW processing provides the energy for the welding process,
namely the current. The GTAW utilized a constant current as power source where the current
almost keeps invariably as a constant value even though the voltage and arc length are
changed. It is critical for following control system. On the contrary, it is hard to keep the
welding voltage as a constant. During the welding process, the height of weld bead is changed
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unpredicted. Thus, the distance from the electrode and work piece is changed during welding
process and it directly affects the welding voltage[51]. Normally, the distance between the
electrode and base metal is chosen as 3mm. However, the arc length strongly influences the
welding voltage. Thus, with a constant welding voltage, variations and inconsistency of weld
bead are observed shown in Fig2.4 [51].

Fig2.4: Appearance of inconsistent weld beads[52].

2.6 Welding Parameters
Generally, the quality of a weld bead is mainly influenced by the welding parameters. The
quality of weld bead can be described as the mechanical properties, geometry of weld bead
and mechanical properties [53]. Normally, the weld bead geometry during welding process
has shown the important influence on the determining the mechanical properties and quality
of weld bead[54, 55].

Welding current has the most influence on the geometry of the weld bead. The increment of
welding current will result in more heat input into to welding process and subsequently
influence the amount of materials to be melt. It can be observed that, during the welding
process, the weld bead is becoming wider at the end welding. It is mainly caused by the
accumulation of heat during welding process. Hence, the heat input strongly influences the
geometry of weld bead.

Welding voltage alters according to the length of the arc, which is determined by the distance
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between electrode and base metal or work piece. With the increment of arc length, the voltage
increases and results in the electric arc being exposed to the cooler boundary. Additionally,
with the increment of welding voltage, the amount of heat input increases as well as the
increase of arc length. It will result wider weld bead and smaller penetration [26]. The
reinforcement is slight decreased due to the weld bead getting wider[56]

Welding speed is defined as the speed at which the weld torch is moved along with the base
metal. The welding torch is controlled by a robot in this thesis. Hence, the welding speed is
based robot parameters. It can be observed a linear variance of weld bead geometry according
to the linear change of welding speed. With the increment of the weld speed, the increase of
weld height will be observed. However, with too fast weld speed, it will result in poor bonding
and bead shape. With too slow weld speed, the excessive heat input during welding process
will lead to more severe penetration. Within the working range of the welding speed. It can
be used to control the weld bead geometry in some extent[27, 57].

Torch height is the distance between the electrode and the base metal or work piece where
the arc is generated in this area. The welding voltage and current will be changed based on
different distance and hence the heat input is changed. As mentioned before, the amount of
heat input is strongly related to the shape of weld bead geometry.

However, to obtain proper weld bead geometry with the expected quality, the welding input
parameters should be carefully controlled. Traditionally, it is a time-consuming process[53],
with welding input parameters chosen by the experienced welder on a plenty of trials. To
solve these problems, several methods have been presented which include mathematic models
used to build the relationships among the processing parameters or automatic control system
applied to adjust the geometry of weld bead automatically. In this thesis, we chose the control
system to address the issues. In order to control the width accurately, the welding input
parameters to be controlled should be carefully chosen.
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2.7 Parameters of Weld Bead
As aforementioned, the weld bead geometry strongly influences the quality of welding,
namely mechanical properties of weld bead. Hence, to obtain well quality of weld bead is to
control the weld bead to desired shape and geometry. Normally, the mechanical properties of
weld bead directly affect the chemical composition of the deposited weld bead. The
illustration of weld bead geometry characteristics is shown in Fig2.5.

Fig2.5: Weld bead parameters

Weld shape is the appearance of the weld bead. It consists of weld bead width and weld
reinforcement, weld penetration and surface topology.

Weld bead width is the width of the deposited weld bead. The width of weld bead is strongly
influenced by welding input parameters such welding current, welding voltage, welding speed
and wire feed rate[25]. The shape of weld bead could be estimated through the molten pool
size.

Weld bead reinforcement is the height of the deposited weld bead. The height of weld bead
is strongly influenced by welding input parameters such welding current, welding voltage,
welding speed and wire feed rate[25]. The height of weld bead could be calculated through
wire feed rate and weld bead width.

Weld bead penetration is defined as the distance that fusion of fed material spreads into the
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base metal or work piece from the surface of the molten metal.

To control the weld bead geometry is to control the width and height of the bead. Thus the
relationships between welding input variables and weld bead geometry should be carefully
learned.

2.8 Mathematical Models and Experiment Design
Obtain a desired weld bead geometry is critical due to the mechanical properties and quality
of welds are influenced by the weld bead geometry[53, 58]. It is apparently that the proper
selection of input parameters to be controlled is necessary. In order to select the significant
input variables, various mathematical models and statistical methods could be applied to
define the significance of welding input parameters through developing mathematic models.
In recent years, the design of experiment (DOE) methodologies have been broadly
investigated and applied to achieve such objectives. The evolutionary algorithms and
statistical models have been broadly used and applied in various industrial applications.

● Factorial design method

Factorial design method is an experiment where the experiment matrix contains different a
number of factors at least two. Each factor has a level, also known as discrete possible value.
The experiment matrix includes all the possible combination of levels of these factors.

Raveendra and Parmar [59] have developed the factorial design technique to predict the
geometry of weld bead, namely the penetration, reinforcement, width and width to penetration
ratio. The response variables in this case were selected as welding current, welding speed,
nozzle angle, welding voltage and torch height. Based on this model, they can predict the
bead geometry or determine the relationships among these welding input variables and
selected response.

Murugan and Parmar[60] applied a 4-factors 5-levels factorial design to predict the geometry
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of weld bead during the MIG welding process. The welding voltage, welding speed, welding
current and torch height are chosen as the process parameters to be analyzed. They also found
that the factorial design could be used for predicting the geometry of weld bead. More
importantly, the effect of each welding input variables on the weld bead geometry could be
determined.

● Linear regression method

Linear regression method is defined as a method used to build the relationship of explanatory
variable x and response variable y. The x variable could be one or more. When the explanatory
variable is one, this model is called simple linear regression.

Yang et al [61]. have used the linear regression method to predict the weld bead geometry
which is chosen as molten area, penetration, weld bead width and weld bead reinforcement,
based on the process parameters namely, wire feed rate, welding voltage, welding current,
welding speed and electrode types at SAW process. They concluded that this model can
predict and compute the various features among the SAW process.

● Response Surface Methodology

Response Surface methodology is the combination of mathematical models and statistical
analysis for building experiments. The RSM constructs the relationships between explanatory
x and response variable y.

Murugan and Parmar[62]. has used the response surface methodology (RSM) to learn the
interaction and influences of welding process parameters namely, welding voltage, weld bead
width, weld bead height, welding speed and wire feed rate on the weld bead geometry. They
used the RSM to predict the relationships among processing parameters.

Gunaraj and Murugan[63]. also presented the importance and feasibility of RSM. They used
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the Response surface methodology (RSM) to study the relationships among input parameters
and selected response variables. Furthermore, the significance of welding input parameters
which are welding speed, current, welding voltage and wire feed rate, on the response
variables namely, the penetration, weld bead width and weld bead height has also been
investigated.

The influence of welding input variables on the heat input and the HAZ area based on the
RSM has also been explored by the Gunaraj and Murugan[64].

● Analysis of variation

The statistical method analysis of variation (ANOVA) was commonly utilized to determine
the significant level of processing parameters on weld bead geometry. ANOVA can speculate
the important and useful conclusions through the analysis of the experimental data from DOE
methods. Moreover, it can reveal the extent of the significance of welding input parameters
on particular response variables [65]. It is the statistical technique developed to infer the
results of proper experiments and determine the percent contribution of each processing
parameters against response parameters. For my thesis, the importance of the ANOVA is to
help to determine which of the parameters need to be controlled and which not[55, 66, 67].

2.9 Vision Sensor in Robotic Welding
Recently, in order to obtain the information during welding process, especially for robotic
automatic welding, the sensing technology plays a very important role, namely force sensor,
electromagnetic sensor[68], spectrum sensor[69], ultrasonic sensor[70, 71], arc sensor[72-75]
and vision sensor[76-81]. However, the vision sensor plays the most significant role among
these techniques due to some advantages such as, sufficient visual information, adjustable
device, noncontact, intuitive feeling[67].

Xu et al. have installed a vision system on the robot welding system with composite optical
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filters and clear welding image was captured at robot GTAW system[77] as shown in Fig2.6.
Kawahara et al. have explored the application of a welding seam tracking technology by using
vision sensor [74]. Shen et al. worked on the weld penetration control technology with vision
sensor [76]. Kong et al studied the penetration control methods at an AI alloy with the passive
vision sensor. Xu et al. applied a reliable image processing method and algorithm for seam
tracking based on vision sensor. Hui-Hui Chu et al. presented a passive vision system for
measuring the weld bead quality and defects[82]. Jorge Giron Cruze et al. controlled the weld
bead width in GMAW processing based a vision sensor[45].

Fig2.6: The welding image captured at pulsed GTAW based on passive vision system[67]

The vision sensor could be classified into two main groups, namely active vision sensor and
passive visual sensing based on different light source. The passive visual system and active
visual system is shown in Fig2.7 and Fig 2.8.
.
The passive vision is based on and arc light and used a CCD camera to capture the welding
images. Normally a composite optical filters and dimmer glasses are designed to eliminate
the noises and disturbance of the arc light. The specification for dimmer glasses and optical
filters are carefully chosen from the analysis of arc light spectrum[83].
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Fig2.7: The design of passive visual sensor using a CCD camera [67]

Fig2.8: The design of active visual sensor using a laser [67]

The active visual sensing normally uses the high-intensity light source. The complete active
visual sensing system consists of an image acquisition system and a structured light sourcelaser. Based on the stabilization of image, clear welding image could be captured. This laserbased active vision system has been applied in industries.

In my thesis, the passive visual sensing system will be used to capture the welding image.
However, the arc illumination has been used to help the passive vision sensor to capture the
welding images. The background and weld bead could be easily observed in these images.

But the image is easily be affected by the unstable strong arc light and is vulnerable to the
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disturbance of arc light. In order to address these issues, the following image processing
should be applied before performing edge detection for weld bead.

2.10 Image Enhancement and Edge Detection
In order to obtain the clear weld bead profile during welding process, the disturbance and
noise from arc light should be eliminated and reduced. The image enhancement is applied as
a prerequisite for edge detection.

Yinshui He et al [84]. have presented an improved model to highlight the laser stripe and
diminish the background and arc light in robot welding. The vision system is based on a CCD
Camera and high-intensity laser. The proposed method combined with a Gabor filtering and
a dimension metric to design a saliency map. This intensity and orientation information can
attract the useful information from welding image. The important information in welding
image is extracted while the unrelated details are eliminated and weakened.

Zhongyi Wang et al[82]. have used an improved image processing method for monitoring the
quality of weld bead and defects based on an active vision system. The image processing
algorithm includes an image smooth algorithm which uses a median filter to eliminate the
noise and welding spatter in welding image. The threshold segmentation has also been
presented to capture the clear laser stripe in welding image. A morphologic operation has
been introduced to guarantee the continuous of laser stripe. An area smooth technology is
used to remove the spatters formed during welding. The processed image and original image
is shown in Fig 2.9.
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Fig2.9: Images processed by different algorithm: (a) appearance of weld bead (b) original image with laser
stripe. (c) image processed by median filter. (d) image processed by Otsu’s segmentation. (e) image processed
by area filter. (G) ROI [81]

Jun Xiong and Guangjun Zhang studied weld bead width control under passive vision system
at WAAM[85]. A Gaussian filter[86] was introduced and applied to remove the noise in the
captured welding image, where a smooth algorithm using neighborhood averaging is used to
calculate to greyscale value of pixels near the central. The processed image and original image
is shown in Fig 2.10.

(a)

(b)

Fig2.10: Welding image captured by passive vision system. (a) Original image (b)Image processed by Gaussian
filter[84]
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They also provided an improved edge detection method to extract the weld bead geometry. The
Sobel operator was applied in their study to find the abrupt changes in gradient. The algorithm
for the Sobel edge detection is expressed as

G(i, j) = |∆𝐺𝑖 | + |∆𝐺𝑗 |

(1)

Where ∆𝐺𝑖 and ∆𝐺𝑗 are the differences of the greyscale value of each pixel in ith row and jth
column separately.

Jun Xiong et al. have applied an edge detection algorithm in weld bead width control of wire and
arc additive manufacturing based on passive vision system [31]. The principle of the edge
detection method is mainly based on the abrupt changes of gradient within various pixels. The
edge detection algorithm uses a Laplacian operator to seek the boundary of weld bead. The
operator is shown as follows:

1

∇2 𝑓(𝑖, 𝑗) = 𝑓(𝑖, 𝑗) − 4 [𝑓(𝑖, 𝑗 + 1) + 𝑓(𝑖, 𝑗 − 1) + 𝑓(𝑖 + 1, 𝑗) + 𝑓(𝑖 − 1, 𝑗)]

(2)

2.11 Control Strategies
To control the geometry of weld bead, different strategies have been used in previous work to
adjust the welding parameters, namely welding current, wire feed rate and welding speed.

Zhilong Qiu et al [31]. have designed a segmented neuron self-learning controller for realtome weld bead width control. The neural self-learning proportional summational differential
controller (PSD) was presented and developed for weld bead width control under single bead,
multi layers WAAM system. It has the adaptability to perform adaptive control of process
based on main parameters which are measured errors between the measured and desired weld
bead width.
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Lie Tang et al [87], introduced a laser metal deposition height controller to adjust the
processing parameters, namely the current and wire feed rate. This model combined
mathematic model to estimate the model parameters and active vision system. The
Optimization (PSO) algorithm has been used to estimate the parameters between layers based
on the measured temperature and weld bead height. An exponentially weighted moving
average (EWMA) has been applied to predict the processing parameters for subsequent layers.

Jorge Giron Cruz et al [45], developed a fuzzy control to adjust welding parameters, namely
welding speed to control the width of weld bead to desired value. The input variables for the
fuzzy controller is the errors between measured width and desired weld bead width. The
welding speed is chosen as the output variable. Through the verification experiment in their
work, they approved that the proposed control system showed applicability in various types
of welding processes which are under different type of wire.

2.12 Chapter Summary
After decades of research and development on additive manufacturing, AM has become as an
alternative technology for future manufacturing. It has evolved from a niche process for rapid
prototyping into a legitimate manufacturing process for parts productions [15]. However,
traditional technologies of AM are applied mainly on the plastic materials. Although it allows
for complex shapes to be produced directly from a CAD model. The application of AM based
on metal material is still ongoing development. The wire-arc additive manufacturing as a
promising method for metal AM draws more momentum recently.

The wire-arc additive manufacturing is the combination of an electric arc which is used as
heat source and wire which is used as the feed materials. Although it has been introduced for
AM purpose since last few decades. Only recently, several research on WAAM emerged due
to the advantages of WAAM, namely high deposition rate, high energy efficiency, less
wastage of material, economy competitiveness and the unlimited part size [16]. However,
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some significant challenges of WAAM still retard the application of WAAM in manufacturing
and mass markets. The significant heat input from the welding process results in high residual
stress which is observed in distortion of the base metal [5]. The shrinkage is commonly
observed along the welding direction [28]. The quality of weld bead is another critical factor
which retards the application of WAAM. The amount of heat input generated from arc sources
leads to inconsistent of weld bead geometry with the increment of deposited layers.

To control the quality of weld bead geometry is to control the geometry of weld bead. The
geometry of weld bead strongly influences the mechanical properties of product. Generally,
mathematic models and statistical analysis have been applied to model the processing
parameters. The proper selection of welding parameters based on these models is the typical
method used to control the geometry of weld bead. However, the mathematic models and
statistical analysis on processing parameters can be used to determine the significance of
welding input variables on the shape of weld bead. This findings play an important role in
real-time control system.

Visual data captured at welding process have been broadly used to measure the penetration
and weld bead geometry. Recently, with the help of either passive visual sensing or active
visual sensing, the clear welding image and profile of the key parameters of weld bead could
be captured. Using the appropriate optical filter selection and proper camera configuration,
will enable adequate vision of the welds profile. The weld pool size captured at passive vision
sensor and weld bead size captured by active visual sensor could be used as a reference for
weld bead geometry controller. Combining with different robust image processing algorithm,
namely median filter and Gabor filter, the noise, disturbance and spatter from arc light could
be eliminated. The processed welding image is suitable for edge detection algorithm to extract
the information from the weld bead.

To implement a control system for weld bead geometry adjustment based on the visual data,
various controllers, namely fuzzy logic, neural network and combination with mathematic
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models have been developed and implemented with their feasibility and robustness on
accurately adjusting welding input variables.
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3 Experimental Setup
3.1 Introduction
This chapter specifies the hardware setup and software to perform the robotic welding system.
The complete robotic WAAM system includes a GTAW welder, interface cards, an ABB robot,
an image acquisition system and a weld torch. The adjustable GTAW power source is used to
control the welding process. The movement of weld torch is implemented by the industrial ABB
robot. A variety of motions can be achieved through the robot controller. Welding images are
captured by a CCD camera, and it is mounted on the frame of weld torch. Furthermore, based
on the interface cards and Network connection, the experiment processes could be controlled by
a computer. The software is executed to obtain and process the data from welding devices. The
outcomes of Software can be used to adjust camera configuration and welding parameters. The
complete robotic WAAM system is described in Fig3.1.

Fig3.1: The complete robotic WAAM system
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3.2 Welding Devices
Tungsten Inert Gas welding was used to perform the welding. The entire GTAW system can
be seen in Fig3.2 and Fig3.3. The welder consists of three main components, namely, NI cards,
welding torch and welding power source. The NI cards are used to interact welding power
source with Labview to adjust the welding parameters. The welding torch is fixed and
mounted on the ABB robot. The power source transforms the power from the grid to
controlled value voltage and current suitable to the intended uses.

Fig3.2: GTAW system and NI cards

Fig3.3: Weld torch, image acquisition system and wire feed device
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3.3 Image Acquisition System
3.3.1 CCD Camera
The camera used to acquiring welding image is a charged coupled device camera. The charge
coupled device integrated circuit etched onto a silicon surface forming a digital image. It
transforms the scene into digital data namely pixels. Normally, this camera is commonly seen in
automatic welding system and industrial applications. A USB 2.0 is used to connect the CCD
camera to computer. The image is captured at resolution of 786*576 pixels. The specifications of
this CCD camera are shown in Table 3.1.
Table3.1: UI-2220SE Specifications

3.3.2 Lens of Camera
The lens used for this camera is a fixed focal length and manual aperture. The lens provides; low
distortion, high contrast and sharp images with screws to fix camera parameters. The
specifications of the lens are shown in Table 3.2.
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Table3.2: Specification of the lens

3.3.3 Reflection System
The reflection system is shown in Fig3.4. The camera has been properly installed in the camera
frame. And the position of camera is fixed. The mirror system could be adjusted manually as well
where the molten pool and weld bead could be captured and located at the center of an image. In
order to protect the camera from the spatters during the welding process, it has been mounted in
a shield and completely closed as shown in Fig 3.5. The integrated vision sensing system is shown
in Fig3.6.

Fig3.4: Reflection system
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Fig3.5: Mirror system and camera shield

Fig3.6: Integrated vision-sensing system

3.3.4 Robot System
Experiments were conducted based on a robotic welding system. The ABB robot was used to
move the weld torch in desired motions which are programmed in Robotstudio. Various
movements could be performed such as welding straight line or circles. This ABB robot can drive
the weld torch in different direction and at desired speed as well. A computer interface is used to
progamme the desired motions [13]. The complete ABB robot is shown in Fig3.7.
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Fig3.7: Industrial ABB robot

3.4 Software Development
Labview (Laboratory Virtual Instrument Engineering Workbench) is a system-design platform
and development environment for a visual programming language from National Instruments. It
is normally applied for signal processing, image processing, instrument control, data collection
and industrial automation on a variety of operation systems [88]. These functions are achieved
through the graphic language. Namely, these programs are developed by using “building blocks”
to create block diagram and connected by threads, which enable the users to build various
functions such as image acquisition and data processing. With the ability to connect to external
devices, Labview provides sufficient support for interacting with a variety of external devices
such as cameras, robots, welders and other instruments.

Labview code for the complete weld bead width control

The general flow for the weld bead width controller is shown as Fig3.8. To achieve the functions
of this control system, the Labview will be divided into several components and each section
manages a specific purpose. These components are defined as:
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1) Image Acquisition
2) Adaptive Exposure-time Control
3) Image Processing
4) Weld Bead Width Controller
5) Interface with External Devices

Fig 3.8: Scheme of weld bead width controller

The complete interface user plane and edge detection programme are described in Fig 3.9 and Fig
3.10. The others are presented in Appendix.

Fig 3.9: Complete interface user plane
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Fig3.10: Edge detection and median filter programme

3.5 Chapter Summary
With the help of the appropriate interface cards and Network connection, the GTAW welding
process and ABB robot could be successfully controlled by a computer. The output data from the
computer could be sent to GTAW power source to adjust the welding parameters. The vision data
can also be collected and used to perform the subsequent control in a computer. These interactions
with the welding system are expected to achieve the desired controlling process.

Labview is a versatile and reliable software on interfacing with external devices, processing data
and executing control strategies. The built-in libraries which store a number of algorithms for
different tasks allow the software to perform various calculations used for image processing such
as median filter and edge detection. And its parallel design programming allows a variety of tasks
to be performed simultaneously. The control methods and image acquisition could be achieved
by interacting with external devices such as NI cards which are used to control the TIG welder,
Network devices such as IRC5 ABB controller, and USB camera, which is used to capture the
welding images. Hence, the functions built in the Labview are variety and versatile, which result
in the adequate outcomes for our objective.
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4 Determination of Welding Parameters
4.1 Motivation
Welding parameters play a considerably important role in determining the quality of a weld bead.
The quality of weld bead could be defined as several properties such as weld bead geometry,
distortion and mechanical properties[16]. Generally, the mechanical properties of the weld bead
is strongly affected by its geometry as mentioned before. However, welding parameters have
different influence on the weld bead geometry. Therefore, to regulate the geometry of weld bead
to desired value, it is imperative to select the proper welding parameters to be controlled. Based
on the output from the mathematical models and statistical analyses, critical welding parameters
were identified and are discussed in more detail in this section.

4.2 The Identification Work
The general steps for identification work are shown as follows:
(1) Identify the critical input variables and find working range of input variables
(2) Design the experimental matrix
(3) Carry out experiments based on the experimental matrix
(4) Recording and illustrating the response variables;
(5) Analyzing the results
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4.3 Experimental Design for Identification Work
Tungsten Inert Gas welding (TIG) or Gas tungsten arc welding (GTAW) based additive
manufacturing(WAAM) process can be considered as a multi-inputs which include current,
welding speed, welding voltage and wire feed rate, and multi-outputs process which includes weld
bead geometry. The single weld bead shape has considerable influence on the layers width,
surface quality, and mechanical properties of metal products in WAAM[32]. The important
parameters of weld bead are depicted in Fig4.1. Theoretically, the weld bead width is directly
affected by the weld feed rate, welding speed, weld current and weld voltage. Normally, the wire
feed rate and welding speed have the largest effect on depth of penetration. Low convexity of
weld bead and high penetration will be observed at large welding current [81]. However,
considering the controller is a MISO system which is multiple inputs and single output system,
the relationships between deposited bead shape and welding input parameters should be carefully
learned and controlled. The most proper and effective input parameter should be determined as
well. Hence, in order to achieve the automatic control of deposition processes, the knowledge of
how input parameters influence weld bead geometry and how to select the controlled factors
properly is the priority to the subsequent steps.

Fig4.1: Welding features

However, the conventional methods of choosing reasonable input parameters to control the
geometry of weld bead are based on the proficiency of the welders which is an error development
and time-consuming effort. This referred to carry out a large number of experiments. In order to
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minimize the number of experiments and analyze effects of input variables on the weld bead width,
choosing appropriate methods to design the experiments being undertaken is critical and
inevitable. Considering the feasibility of the test system, various optimization models were
designed and applied to analyze the significance of the influence of input variables. In last few
decades, design of experiment (DOE) methodology has been broadly developed and applied to
perform such analysis and experiment design. Moreover, the evolutionary algorithms and
statistical analysis have been combined with DOE and developed rapidly. In present work, an
effective DOE method has been chosen to design experiments combining with ANOVA to analyze
the significance of influence of input parameters on weld bead geometry.

4.3.1 Central Composite Design
The central composite design (CCD) is one of the DOE methodologies [45]. It is a factorial or
fractional factorial design. The structure of CCD consists of center points and a group of axial
points which are also known as star points. The CCD methodology can generate a rational
distribution of setting points throughout the whole area of interest within the smallest possible
number of experimental sets.

Fig 4.2 displays an illustration of the structure of central composite design with two input
variables. The CCD design involved with two factor is combined with four-star points and a
central point. The distance from the center point to a star point is defined as ±α where |𝛼| > 0.
The value of α is based on the number of factors involved. Table4.1 shows the typical value of
α depending on the number of factors.
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Fig4.2 General illustration of a Central Composite Design

Table4.1: α value for different a number of input factors
Number of factors
2

22

22/4 = 1.414

3

23

23/4 = 1.682

4

24

24/4 = 2.000

5

25−1

24/4 = 2.000

5

25

25/4 = 2.378

6

26−1

25/4 = 2.378

6

26

26/4 = 2.828

As the distance between star points is set as 1, the input variables should be normalized to levels
(-1,0,1) from the EQ1.
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𝑥𝑗 =

𝜉𝑗 −[max(𝜉𝑗 )+min(𝜉𝑗 )]/2
[max(𝜉𝑗 )−min(𝜉𝑗 )]/2

(1)

Where 𝑋𝑗 represents the codified level; 𝜉𝑗 indicates the actual value of input variables; j is the
variables; min(𝜉𝑗 ) and max(𝜉𝑗 ) are the values of the input variables.

After designing the experimental matrix, the outcomes of experiments designed by CCD method
could be analyzed by ANOVA. The analysis of variance(ANOVA) is a statistical model which is
most commonly applied to determine the significance and non-significance of input parameters.
The ANOVA is able to deduce the useful conclusion from the analysis of experimental data and
it can present the level of significance of influence of input variables on selected response.
Through the study and analysis of ANOVA table, it can help to find out which input parameters
should be selected as the variable to be controlled.

4.3.2 Determination of Input Variables
Based on the analysis of influence of welding input parameters on the weld bead geometry as
aforementioned, ease of control, wide working range and ability of being kept in setting levels,
two main independently input process parameters were chosen to analyze the degree of the
influence on response variables, namely the wire feed rate(WF); the weld current(I). The response
variable is selected as deposited weld bead width.

In order to acquire the good quality of weld bead, the working range of input variables should be
tested and estimated at first. Several defects will be observed while the current , wire feed rate is
out of working range such as humping phenomena observed as shown in Fig4.3. The working
range experiments were carried out by conducting several experiments which were varying one
of the input variables at a time while remaining another as the constant value [89]. The working
range of each input parameters was determined by the quality of the weld bead appearance and
the disappearance of apparent defects. Hence, the working range of welding current is set as 80 A
o 180A. The wire feed rate is set as 1 m/min to 2.5 m/min. Based on the Table1, the α is chosen
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as 1.414. Hence, the upper limit and lower limit of α were chosen as +1.414 and -1.414.

Moreover, the input variables were normalized into range (-1,0,1) based on eq1. The
normalized levels for the input parameters within the working range are shown in Table4.2. Five
levels of input variables have been determined.

Fig 4.3: The humping defects with incorrect input variables

Table4.2: process parameters and their coded value for ANOVA based on CCD
Input Parameters

Symbol

levels
-1.414

-1

0

1

1.414

Wire feed rate(m/min)

WF

1.08

1.2

1.5

1.8

1.92

Welding current(A)

C

87.6

100

130

160

172.6

4.3.3 Experimental Design
The designed experimental matrix is shown in Table4.3, which is produced from a central
composite design method with two factors, four cube points, one center points in a cube and twolevel factorial design including nine sets of coded conditions. The input variables at mediate level
(level3) constitute the center points. The highest level (level 5) and the lowest level (level 1) are
connected to each other. Hence, with nine sets of experiments, the ANOVA system can analyze
the importance of each input variables.

The experiments were carried out at the University of Wollongong, with the following
experimental steps：
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The welding machine: ABB robot equipped with GTAW welding system.
Wire used: Stainless Steel
Work piece: Mild Steel
Type of welding: Gas tungsten arc welding
Shielding gas: Argon
Laser scanner: Scancontrol 2600
Electrode-to-work piece angle: 90。
Table4.3: Designed experimental matrix and measured value of the weld bead width
Weld No.

Design

Width(mm)

matrix
Wire feed

Current(A)

rate(m/min)
1

+1

+1

6.16

2

+1.41421

0

4.48

3

0

-1.41421

4.12

4

-1

+1

6.32

5

0

0

5.28

6

+1

-1

3.04

7

-1

-1

3.6

8

-1.41421

0

4.32

9

0

+1.41421

6.56

All the experimental sets were conducted according to designed matrix Table3.

4.3.4 Results and Analysis
A laser scanner has been used to detect the weld bead width and installed into a welding cell on
the robot. The Scancontrol 2600 is used to measure the width of bead as shown in Fig 4.4.
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Fig 4.4: Scancontrol 2600

The specimens were treated by the common polishing methods. The profiles of the beads were
extracted by a laser scanner mounted on a robot. The layer scanner can constantly scan the weld
bead profile along a straight line and save the width coordinates to Excel file. As shown in fig4.5.
The width value was measured by calculating the mean value of the all the data extract from excel
file.

Fig4.5: data from laser scanner

In order to select the input variables which have the most influence on the response, the results of
experiments were analyzed by using ANOVA. For the ANOVA, the analysis of variance was used
to estimate the significance of welding input variables on weld bead geometry. The results are
illustrated in the Table4.4.
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Table 4.4: ANOVA results for welding process parameters and width (W)
Source

DF

ADJ SS

ADJ MS

F-Value

P-Value

I

2

10.8201

10.7896

89.72

0.000

WF

2

0.0305

0.0305

0.25

0.630

Error

4

0.8417

0.1203

Total

8

13.2169

In this Table4, DF means degree freedom. MS means mean square. F-value means the variation
between sample means. F and P value indicates the significance of input factors which means the
factor has most influence on the response variable. In order to determine whether the differences
between the means are statistically significant, the P-value has been used to evaluate the null
hypothesis and the significance of factors. Normally, the significance level is chosen as 0.05 [7].
The significance level at 0.05 indicates that the input variable has significant influence on selected
response variables. Hence, through comparing the P-value of Current and Wire feed rate, the
current’s P-value (0.000) is considerably lower than wire feed rate’s p-value (0.630), which is also
less than 0.05. It can be concluded that the current has the most effect on weld bead width. The
relationship between input variables and selected response developed from the data is given below
as well:

W = 5.278 − 0.062 ∗ 𝑊𝐹 + 1.161 ∗ 𝐼 − 0.461 ∗ 𝑊𝐹2 + 0.008 ∗ 𝐼 2 + 0.100 ∗ 𝑊𝐹 ∗ 𝐼

(2)

4.3.5 Validation of Results
In order to test the accuracy of the results analyzed by the methods in actual application,
verification tests were conducted by varying one of the process variables from lower limit to upper
limit gradually while keeping another variable as constant. The width of weld bead is measured
by laser scanner as well. All beads profile were measured. The variation of weld is shown in
Fig4.6 to Fig4.11. The experimental matrix is shown as Table4.5.
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Table4.5: Verification experiment matrix
Weld No.

Design matrix
Wire Feed

Current(Amp)

Welding length(mm)

rate(m/min)
1

1-2

100

100

2

1-2

130

100

3

1-2

160

100

4

1.2

100-160

100

5

1.5

100-160

100

6

1.8

100-160

100

*For experiment 1 to 3. The wire feed rate was changed from 1 m/min to 2 m/min at constant increment. For experiment
4 to 6, the current was changed from 100 A to 160 A at constant increment.

From Fig 4.6-4.8, it is apparently that width almost remained constant or slightly decreased with
the increment of wire feed rate from its lower limit (1m/min) to the upper limit (2m/min) while
current was set as 100, 130, 160A separately. This is due to the amount of fed wire was
accumulated in longitudinal direction with insufficient energy input. Hence, Increment in height
was observed at the end side of the weld beads. Which proves that wire feed rate has less effect
on the weld beads width.

Fig4.6: Constant current with change of wire feed rate
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Fig4.7: Constant current with change of wire feed rate

Fig4.8: Constant current with change of wire feed rate

Fig4.9: Constant wire feed rate with change of current
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Fig 4.10: Constant wire feed rate with change of current

Fig4.11: Constant wire feed rate with change of current

From Fig 4.9 to Fig 4.11, it is clearly that the width increased obviously with varying the current
from its lower limit (100 A) to upper limit (160 A) while the wire feed rate was set as 1.2, 1.5, 1.8
m/min separately. This is due to the temperature increased at the higher current, which causes
more heat transferred into the work piece and weld beads through higher heat content of droplets
[8]. The current also affects the momentum of droplets, which on striking the weld pool may
cause a wider width. Hence, with the increase in welding current while other variables remain
constant, results large weld bead width. The experimental results are shown in Fig4.12-4.17.
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Fig4.12: Current at 100A with change of wire feed rate

Fig 4.13: Current at 120 A with change of wire feed rate

Fig4.14: Current at 140 A with change of wire feed rate

Fig4.15: Wire feed at 1.8 m/min with change of current

Fig4.16: Wire feed rate at 1.5m/min with change of current

Fig4.17: Wire feed rate at 1.2m/min with change of current

4.4 Chapter Summary
In the present work, detailed experiments and analyses have been carried out to determine the
appropriate welding parameters to be controlled. The effectiveness of DOE and ANOVA methods
have been highlighted as well. The central composite design (CCD) can be employed to design
proper experiment matrix. The number of experiments have been optimized in reasonable range
which is capable of obtaining expected results. The Analysis of variance (ANOVA) can be used
easily to determine the significance of input variables and shapes the relationships within control
variables [30]. Based on the CCD experiment design and ANOVA technique, both mathematic
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methods proved that the current has the highest influence on weld bead width. The results were
verified by the validation experiments as well. According to the observation of weld bead
appearance, the width of weld bead is obviously varied by welding current. On the contrary, the
wire feed rate has minor effect on the width of weld bead. Hence, the current is selected as the
variable to control the welding process.
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5 Adaptive Exposure-Time Control Method

5.1 Motivation
The primary goal of the vision-sensing system in the robotized and automatic WAAM is to capture
proper welding images which comprise clear weld bead profile. During monitoring the welding
process, the captured images are based on the electromagnetic radiation of area around welding
arc which includes the arc light, the molten pool, heated area of base material around weld beads,
molten pool and the regions near the electrodes. Not like the thermal radiation which requires the
body temperature at extremely high level such as the heated area of base material, the spectral of
arc radiation has wider range of wavelength with ease to monitor and analyze. It is the most
important characteristic during monitoring system especially for the passive vision system [90].
The common parameters of welding arc in the GTAW welding are shown in Fig5.1.

Fig5.1: The shape of the TIG arc welding current at 100A [90]

The arc light radiation is a complex phenomenon, which is strongly influenced by the welding
parameters [91]. Based on the number of research work, the effect of welding parameters on the
intensity of arc light emission has been thoroughly studied. The arc length and current are the
most significant factors during GTAW process. The result of these works is shown in Fig5.2.
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Fig 5.2: Influence of welding arc length and welding current on the intensity of arc light [90]

Based on the result, with the variation in current, the intensity of arc light is changed, and
consequently influences the captured images. Thus, in order to capture the high quality of the
weld beads images under the dynamic change of currents during welding process, an adaptive
exposure-time control method was introduced. This method combined with the complex control
strategies and grey level analysis drives the system to capture high quality of welding images
under different conditions.

5.2 Sensor Configuration
In photography, the amount of light traveled into the camera sensor is defined as exposure. The
combination of shutter speed, aperture and illuminance of object determines the exposure. In
order to understand the concept of exposure, several terminologies are explained as follows.

● The shutter speed, exposure time and aperture:
The aperture is defined as a hole where light travels through. It directly influences how much
light could reach the imaging sensor. The wider the aperture, the brighter the image at a selected
exposure time.
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The shutter time, which is also known as exposure time. It is defined as the time of camera
sensor exposed to incident light. The longer the shutter speed allows more light to travel into
the camera sensor, the captured image is brighter. On the contrary, a relatively dark picture is
captured while the shutter speed is quick which only allows limited light to reach the camera
sensor. So large shutter will take light pictures as well as small shutter will take dark pictures.
The contrast of pictures under different exposure time is shown as Fig5.3, 5.4.

Fig5.3: Welding process image at current 120A. Exposure time is 0.01434s

Fig5.4: Welding process image at current 120A, exposure time is 0.05437s

From Fig5.3, it is apparently that the appearance of weld beads is illegible under low
exposure time. The low exposure time would cause the loss of information where the light
reached the sensor is insufficient. However, the Fig5.4 captured at higher exposure time
contains too much information which includes shape of weld bead, arc light and electric arc
55

light disturbance. It also affects the further image process under over exposure.

● The luminance, intensity and brightness.
The luminance is per unit area of light reached into a given area and direction. It describes
the amount of light pass through. Namely, the luminance is an objectively measurable
attribute. The unit of luminance is ‘Candela per Square Meter’(cd/𝑚2 ). Unlike luminance,
the brightness is a subjective attribute of light. Brightness is a concept which can only be
perceived and cannot be measured numerically. Besides, the light intensity is a
quantitative concept which is measured through different methods. Normally, the light
intensity has been most used to analyze the features of images.

(a)

(b)

(c)

(d)

Fig5.5: (a) is intensity plane. (b) is brightness plane. (c) is luminance plane. (d) is original picture.

● Greyscale value
Another critical terminology is greyscale which is commonly used in image process field. In
photography and digital image processing, a grayscale or greyscale digital image is
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constructed by amount of pixels which carries intensity information. The greyscale images of
arc light calculated based on different methods have been presented in Fig 5.5. As observed
from Fig5.5 (a-c), it is clearly that the greyscale images are black-and-white images, which
composed unique grey color. The intensity of grey color varies from 0 to 255 where 0 indicates
the black and 255 indicates white. On the contrary, the RGB is an additive color model where
red, green and blue are added together in different ways to produce a chromatic images. The
original RGB image of arc light is shown in Fig5.5(d).

5.3 Exposure Analysis
As for the passive vision sensor system, the CCD camera has been used to captures images
of welding process based on arc light illumination which helps to distinguish the shape of
weld beads from background. The CCD camera also has the ability to capture different
wavelength light with installed proper dimmer glasses and optical filters. However, as
mentioned before, the intensity of arc light is strongly dependent on the welding current. With
the change of welding current, the wavelength and intensity of arc light will alter accordingly.
This may causes the previous camera configuration out of operation, namely exposure time.
Hence, the exposure should be changed dynamically with the variation of current during
welding process. In order to realize this task, the adaptive exposure-time control method has
been designed to alleviate the effect of changes in arc light wavelength and intensity.

5.3.1 The standard welding image
During welding process, several factors will affect the quality of images, namely the welding
current, different type of shielding gas. The criteria for great images is that weld bead profile
is distinguished from background and the arc light is restricted to a reasonable range. The
example of desired welding image is shown as follows in Fig5.6.
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Fig5.6: Standard welding image

It is clearly that the boundary of weld bead is clear as marked in the Fig5.6. The region of arc
light is restricted into a small size, which helps to detect the weld bead geometry close to molten
pool and eliminates the noise around weld bead. The background is dark where the main object
can be recognized clearly. In order to capture these images at different current, the disturbance of
arc light should be filtered out and the weld bead profile should be highlighted. The hardware
setting is the initial step.

5.3.2 Hardware setting
The illustration of the hardware setting is shown as Fig3.6. The Camera is equipped in a shielded
case which can protect the camera from spatter, smoking and light from other sources during
welding process. The optical filters and dimmer glasses are fitted in the front of camera lens,
which are the key parts of hardware setting shown in Fig5.7.

Fig5.7: Optical filter and Dimmer glass

The characteristic of these glasses is eliminating the amount of arc light traveled into the CCD
camera. The optical filters are used to transmit light at different wavelengths, which can let the
selected wavelengths light pass and travel to the camera or films. The extent of light which is
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blocked is based on the properties of optical filters. Hence, to select proper optical filters, the
spectrum of arc light should be accurately analyzed at first. The spectrum of welding arc light is
shown as Fig5.8 [74].

Fig 5.8: Intensity of arc light [75]

From the Fig5.8, it is apparently that the intensity of arc light at 600 to 700 nm is the weakest and
the arc light in this range is most stable. Hence, through numbers of experiments, a narrow-band
optical filter with 650nm center wavelength has been chosen. The Fig5.9 shows the difference
between the images captured by using different optical filters. The Fig5.9 (a) used long pass filter.
The Fig5.9 (b) used the narrow band passes filter and the Fig5.9(c) used the band pass optical
filter. Additionally, the dimmer glass which also called neutral-density filter is used to diminish
the overall of intensity for light at each wavelength equally. The purpose of a standard dimmer
glasses is to decrease the total light passing through the lens. Hence, two dimmer glasses with a
transmittance of 5% and 10% were equipped in front of the optical filter[84]. After setting the
hardware configuration of image acquisition system, the majority of arc light has been filtered out
and the profile of weld bead is relatively distinct.
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(a)

(b)

(c)

Fig 5.9: Images captured at different filter, (a)Long pass filter, (b) Narrow band pass filter, (c) Band pass optical
filter

5.3.3 Determination of the Adequate Exposure-time
Normally, the hardware can reduce the noise and distribution of arc light on some levels. The
majority of the side-effects of arc light could be eliminated. However, further adjustment for
exposure time is remained to extract the detailed information. Depending on the analysis of a
large number of images, in order to obtain great quality of images, proper selection of exposuretime is imperative. As aforementioned, the exposure of a camera is related to the shutter speed
(exposure time), lens aperture and scene luminance. The lens to be used in the welding is a fixed
focal length, and the aperture is adjusted manually. Hence, the exposure time is the only
controllable factor during the welding process. To test the influence of exposure time on the
quality of images, various experiments were conducted at different current. The design of
experiment matrix is shown as in Table5.1. The general steps of experiments are shown as follows.

1) Install optical filters and dimmer glasses
2) Ignite arc and weld for 100 mm.
3) The exposure time is varying from lower limit to upper limit gradually during the weld
process.
4) Analyze the raw images and the mean of grey value of images.
5) Repeat experiments with different current.
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Table5.1: experimental tests for influence of exposure time on the quality of images
Experiment

Input parameters

number
Exposure time(s)

Current(A)

Welding speed(m/min)

Wire feed rate(m/min)

1

0.0001-0.0625

100

150

1.5

2

0.0001-0.0625

120

150

1.5

3

0.0001-0.0625

140

150

1.5

*exposure time is changed from 0.0001 to 0.0625s with constant increment within the 30s.

The images at various exposure time and currents have been presented in Fig 5.10 to Fig 5.12.
From the analysis of the original images, it is clearly that the weld bead profile is vague and
indistinct at low exposure time for various currents which are shown in Fig5.10 (a) - Fig 5.12(a).
While the images captured at high exposure-time, the area of arc light increases dramatically and
is much stronger than images captured at proper exposure-time. Furthermore, unrelated
information was appeared at large exposure-time as shown in Fig5.10(c)-Fig5.12(c). Moreover,
the mean greyscale value of pixels is presented in Fig 5.10-Fig 5.12(d). The formula used to
calculate the mean value of pixels is introduced as follow equation.

𝑓(𝑥𝑖𝑗 ) =

∑𝑥𝑖𝑗
𝑖∗𝑗

(1)

Where i is the x coordinate of each pixel of an image. The j is the y coordinate of each pixel of an
image. X is the greyscale value of pixel with coordinate i and j. As the greyscale value is
calculated through intensity plane of an image, the mean of the grey value can represent the
intensity of the light for each picture. Through these figures of the mean greyscale value of pixels
presented in Fig5.10-5.12(d), the higher the exposure time is, the higher mean greyscale value of
pixels is. This characteristic should be applied in the following controlling system.

Consequently, the control of exposure-time at proper value is necessary for capturing good quality
61

of welding images. However, from the analysis of three proper exposure times at different currents
shown in Fig 5.10 to 5.12(b), the proper values of exposure-time are different which is 0.02136s
at current 100A, 0.02246s at current 120 A and 0.02567s at current 140 A. Hence, the common
exposure-time which suits for various current conditions does not exist. To solve this problem,
the exposure-time should be changed by different current dynamically.

(a)

(b)

(c)

(d)

Fig 5.10: (a) Image captured at low exposure time of 0.01676s. (b)Image captured at proper exposure time of
0.02136s. (c)Image captured at over exposure time of 0.04876s (c). (d)Mean greyscale value of pixels at different
exposure time
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(a)

(b)

(c)

(d)

Fig5.11: (a) Image captured at low exposure time of 0.01456s.(b) Image captured at proper exposure time of
0.02246s. (c)Image captured at over exposure time of 0.04476s(c). (d)Mean greyscale value of pixels at different
exposure time

(a)

(b)
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(c)

(d)

Fig5.12: (a) Image captured at low exposure time of 0.01443s. (b) Image captured at proper exposure time of
0.02567s. (c) Image captured at over exposure time of 0.04443s. (d) Mean greyscale value of pixels at different
exposure time

5.4 The Design of Adaptive Exposure-time Control Method
5.4.1 Analysis of key features among greyscale images
The performance of adaptive exposure-time control method applied in welding process is strongly
based on the quality of welding image captured at different current, namely at different intensity
of arc light. Normally, the traditional auto exposure system keeps the value of exposure time at a
selected level, which is measured by an integral value of brightness of overall picture, comparing
with a reference [92]. However, it works properly when differentials between high level and low
level is not significant. The image with excessive arc light and a large amount of dark area are
shown in Fig5.13 (a), where the differentials between the high level and low level of greyscale
value is irrational as shown in the Fig5.13 (b).

The number of pixels with low greyscale value(0-25) acounts for major part in the histogram,
which represents the background. On the contrary, the illuminant area is barely shown in the
histogram. Hence, based on the traditional method, automatically controlling exposure-time is
impossible. It is inevitiable to find out a new representative feature which has distinguished
characteristic comparing to background. Through a plenty of research on various factors, such as
brightness, integrated brightness of an image or abrupt change in greyscale value, the green color
64

plane extracted from RGB image has the distinct attribute.

(a)

(b)

Fig 5.13: (a) Original welding image at exposure time 0.04765s. (b)Histogram of the original image

5.4.2 Green and Red Color Plane of an RGB Image
However, before extracting the key features from welding images, the specifications of this CCD
camera should be carefully learned which is shown in Fig5.14.

Fig 5.14: UI2220SE colour sensitivity[f40]

The Fig5.14 shows the colour sensitivity of the CCD camera. Combing with the filter
systems(band-pass filer with center wavelength 650 nm), the blue color has been filtered out. The
green and red color at wavelength 650 nm could be seen in the image. During analyzing welding
image Fig5.15(d), the center of the electric arc is represented by green color in the image as
shown in Fig5.15(b). And the histogram of green color is shown in Fig5.15(c). As could be
observed from Fig5.15(c), the distribution of the greyscale value of green color is separated into
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two main groups which are background and center of arc light. The higher level of greyscale value
represents the center of arc light. On the other side, the lower level of greyscale value indicates
the background. The illustration of background and center of arc light is shown in Fig5.15(b).

(a)

(b)

(c)

(d)

Fig5.15: (a)Red color plane. (b)Green color plane. (c)Histogram of green color plane. (d)Original RGB image
at current 100A.

5.4.3 Analysis of Green Color Plane
To analyze the characteristic of green color of welding image, several experiments have been
conducted to find out how the greyscale value of green color is altered at different exposure-time. The
experimental results are shown in Fig5.15 (b) and Fig5.16 (a) where the images are captured at current
120A and exposure time is 0.05434s and 0.01343s respectively.

In the case of over-exposure (exposure time at 0.05434s), the mean greyscale value of green color
in an image is significantly high and the maximum greyscale value of green color is 255 which
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represents the most bright part of an image as shown in Fig 5.15 (b) and (c).

On the contrary, at exposure time 0.01343s, the mean greyscale value of green color is
significantly small as well as the maximum greyscale value of green color which is 125 and 2.04
respectively, as shown in Fig5.16(b). The maximum greyscale value is half of the value at overexposure time. The mean greyscale value of center of arc light is significantly lower than overexposure condition. As shown in Fig5.16(a), the center of the arc is unclear and invisible.
Therefore, the greyscale value of green color is strongly influenced by the exposure-time. The
data of these experiments are displayed in Table5.2.
Table5.2: Mean greyscale value and max grey value of green color under different exposure time
Exposure time(s)

Mean greyscale value of

Max greyscale value of green

green color

color

0.01343

41.35

255

0.05434

2.04

125

(a)

(b)

Fig 5.16: (a) Green color of RGB image at exposure time 0.01343, (b) Histogram for green color plane image

5.4.4 BP Point
In order to only measure the maximum value and mean greyscale value of arc light center, a new
parameter named boundary position (BP) point has been introduced to extract the center of arc
light from background. The BP point is defined as the point where center of arc light is gradually
visible, which works like a threshold for distinguishing center of arc light and background. Based
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on the BP point, the shape of center arc light could be determined. The overall pixels of the center
electric arc light could be acquired and used to analyze the mean and maximum greyscale value
of these pixels.

The BP point is determined by abrupt change in gradient of greyscale value of pixels along with
a selected line. The selected searching line is shown in Fig5.17. In order to detect all the pixels of
an image, the image is separated as a plenty of vertical lines, and the SOL method was introduced
to extract the profile of each line from left to right to measure center arc light area. The SOL
method is Sum of Lineprofile where each line’s profile will be analyzed individually and then
summed together. The pixel value of selected line is shown in Fig5.18. The length of each line
equals to the number of pixels of an image along with Y-direction. The X-coordinate of each line
increases from zero to the number of pixels of an image along with X-direction. Each line profile
will be recorded and saved in the computer for further processing. After detecting the entire image,
the profile of each line will be gathered together and used to measure the area of center of arc
light.

Fig5.17: Region of detection area

One of the line’s first derivative distribution under over exposure-time is shown in Fig5.19. The
BP point is the critical point of greyscale value where the center of arc light is merely visible
comparing to the background. The gradient of background greyscale value keeps in gentle slope
as A marked in Fig 5.18 because of the greyscale value of dark object is in the low range and
changes slightly. On the contrary, as the greyscale value of visible center of arc light is
significantly larger than the background, the greyscale value of these pixels changes abruptly
where the center of electric arc light becomes visible as B marked in Fig5.18. The abrupt change
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observed marked as B in Fig5.18 indicates the BP point, where the gradient of greyscale value of
these pixels is the highest shown in Fig5.19. After calculated the BP points along with the selected
line, the contour of the arc light center is determined. The mean and maximum greyscale value of
the arc light center could be worked out. The overall value is summed together by using SOL
method.

Fig5.18: Pixel value along selected line

Fig5.19: The first derivative distribution of

selected line

5.4.5 System Improvement
However, to perform the Sum of lineprofile method on the whole image is a time-consuming
process where large region of image is in background containing useless information. Only in the
middle of an image contains the useful details. Hence, to decrease the operation time for
processing each image, an ROI technology has been used to decease the total number of pixels to
be processed. The ROI method is region of interest method, which is used to focus processing
and analysis on specific area an image. The ROI window is chosen as the center square of an
image with 300 pixel in each side. The ROI is shown as Fig 5.20. With a large amount of pixels
be removed, the operation time has been decreased dramatically.
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Fig 5.20: Region of interest

5.5 Implementation of Control Method
5.5.1 Reference for Fuzzy Controller
The adaptive exposure-time controller will be achieved by the assistance of Software which is
Labview. The scheme of the progress is shown below Fig5.21. With the help of distinct features
of Labview, a large number of images could be processed and analyzed in a reasonable time [92].

However, to determine the proper reference through the green color plane for the fuzzy controller,
several experiments have been conducted under different exposure-time and input variables
(current). The experimental matrix is shown as Table5.3. The graphs of mean and maximum
greyscale value of green color processed by SOL method for all the images at different current
and exposure-time have been presented at Fig5.22 to Fig 5.24(a).
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Fig 5.21: Scheme of adaptive exposure time control system

Table5.3: Experimental matrix for reference analysis
Experiment

Parameters

number
Exposure

Current(A)

time(s)

Welding

Welding

Wire

length(mm)

speed(mm/min)

rate(m/min)

1

0.0001-0.0625

100

100

150

1.5

2

0.0001-0.0625

120

100

150

1.5

3

0.0001-0.0625

140

100

150

1.5

4

0.0001-0.0625

160

100

150

1.5

feed

*exposure time is changed from 0.0001-0.0625s at constant increment during welding process

Through analysis of the distribution of M_V (mean greyscale value of pixels) of arc light center
from Fig5.21 to 5.23(a), step changes could be observed. Normally three phases are detected from
the diagrams at different current conditions, which include low phase, median phase and high
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phase as shown in Fig 5.21-5.23(a). The lowest phase always indicates the low-exposure time;
the high phase shows the over exposure time. But through analysis of the middle phase of the
exposure-time, the proper exposure time is slightly larger than the M_V of middle phase, which
is defined as MM_V (modified mean greyscale value of pixels). Hence, the proper exposure-time
could be considered as the M_V of middle phase added with a small constant. Through analysis
of a plenty of data gather from these experiments, the constant value chosen as 10 is the most
suitable. Furthermore, the boundary point between the middle phase and high phase is defined as
the PFT (point of phase transfer) used to determine the over exposure-time. However, for further
analysis of the distribution of PFT and M_V of middle phase, the values of PFT and M_V changes
at different current. At current 100 A, the M_V of middle phase is 90.85.The PFT value is 179.16.
At current 120 A, the M_V of middle phase is 105.94, the PFT value is 193.24. At current 140 A,
the M_V of middle phase is 122.86. The PFT value is 203.4. Therefore, with the increase of
current, the PFT and M_V of middle phase are slightly increased. It is also approved by the
maximum greyscale value in the chart. With the increase of current, the maximum pixel value
becomes higher. However, considering the difficulty and time-consuming of constructing a
mathematic models for predicting the MM_V at different currents, which are based on enormous
data and experiments, a promising and rational technology was used to address the issue: The
fuzzy logic controller method. Based on the characteristic of MM_V, the fuzzy controller could
be implemented. The value of MM_V has been used as a reference in fuzzy controller to
determine the proper exposure-time at different currents.

(a)

(b)

Fig5.22: (a) Mean greyscale value of pixels distribution. (b) Proper image captured at current 100A. PFT is
0.02167, Max value is 179.16, MM_V is 97.8. M_V is 90.85
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(a)

(b)

Fig5.23: (a) Mean greyscale value of pixels distribution. (b) Proper image captured at current 120A

PFT

0.0239 value:193.24 MM_V: 116.27. M_V is 105.94

(a)

(b)

Fig5.24: (a) Mean greyscale value of pixels distribution. (b) Proper image captured at current 140A. Exposure
time 0.02433 PFT:203.4, M_V :127.4, M_V is 122.86

5.5.2 Design of Fuzzy control
The fuzzy logic controller was performed in the Labview fuzzy toolbox. The general process can
be illustrated as the following steps:
1) Determination of input, output variables
2) Build the membership functions of input, output variables
3) Set the fuzzy rules for input and output variables
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4) Determination of the proper logic connection

5.5.3 Definition of the inputs, outputs membership functions
The input variables are determined as MM_V and the welding current which are determined
through the analysis of variation of greyscale value as discussed previously. The output
variable is the adjusted exposure time.

The M_V at different exposure time from lower limit to upper limit corresponding to various
currents are plotted at Fig5.22 to 5.24(a). The MM_V could be calculated by adding a constant
to M_V of middle phase. Through analysis of these figures, with the increase of current, the
MM_V at proper exposure-time is slightly ascended. Hence, six membership functions are
defined for MM_V, which are VL (very low), L (low), M (median), H (high), VH (very high),
O (over) as shown in Fig25. Considering the working range of current, four membership
functions of welding current are created, which are L (low current ranges from 100-120A),
M ( median current ranges from 100-140A), L (large current ranges from 120-160A), VL
(very large current ranges from 140-180A) as shown in Fig5.26.The number of output
membership functions is defined as three. The working range of exposure-time compensate
is from -0.0004 to 0.0004, which is determined by the performance of CCD camera. The
output membership functions are P (proper), L (low) and O (over) as shown in Fig5.27.
Considering the time taken to perform one action, ten actions performed per second are
chosen.

Fig5.25: Membership functions of Current
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Fig5.26: Membership functions of MM_V

Fig5.27: Membership functions of exposure time

5.5.4 Rules for the Control Strategy
According to these membership functions, rules are defined and introduced as the follow
Table5.4. In this table, the ‘C’ stands for current. ‘MM_V’ stands for modified mean of
greyscale value. The ‘E’ means exposure time.
Table5.4: Rules for inputs and outputs membership functions
1

If C is “100-120”

and

“MM_V ” is “L”

Then

E is “Proper”

2

If C is “100-140”

and

“MM_V ” is “M”

Then

E is “Proper”

3

If C is “100-120”

and

“MM_V ” is “M”

Then

E is “Over”

4

If current is “100-140”

and

“MM_V ” is “L”

Then

E is “Low”

5

If current is “100-120”

and

“MM_V

Then

E is “Low”

“VL”
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”

is

6

If C is “100-120”

and

“MM_V ” is not

Then

E is “Over”

is

Then

E is “Low”

“VL” and MM_V
is not “L”
7

If C is “100-140”

and

“MM_V

”

“VL”
8

If C is “100-140”

and

“MM_V ” is “H”

Then

E is “Over”

9

If C is “100-140”

and

“MM_V ” is “H”

Then

E is “Over”

10

If C is “120-160”

and

“MM_V ” is “H”

Then

E is “Proper”

11

If C is “120-160”

and

“MM_V

is

Then

E is “Low”

”

“VL”
12

If C is “120-160”

and

“MM_V ” is “M”

Then

E is “Low”

13

If C is “120-160”

and

“MM_V

”

is

Then

E is “Over”

”

is

Then

E is “Low”

“VH”
14

If C is “140-180”

and

“MM_V
“VL”

15

If C is “140-180”

and

“MM_V ” is “M”

Then

E is “Low”

16

If C is “140-180”

and

“MM_V ” is “H”

Then

E is “Low”

17

If C is “140-180”

and

“MM_V

is

Then

E is “Proper”

”

“VH”
18

If C is “100-120”

and

“MM_V ” is “O”

Then

E is “Over”

19

If C is “140-180”

and

“MM_V ” is “O”

Then

E is “Over”

20

If C is “120-160”

and

“MM_V ” is “O”

Then

E is “Over”

21

If C is “100-140”

and

“MM_V

Then

E is “Over”

”

is

“VL”

5.5.5 Logic Connection
The degrees of membership functions of two input variables are connected by logic linguistic
such as “if”, ”and”, ”or”. The methods used in this case are “if” and “then”. For the “ if “ part,
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the degrees of two input variables are chosen from the smaller one. The output value is
depended on the degrees of each membership functions [45]. Generally, the formula of “if”
logic is expressed as following equation:

U(i, j) = 𝑀𝑖𝑛(𝑀𝑉 × 𝑈(𝐼), 𝐶 × 𝑈(𝑗) )

(2)

Where U(I,j) represents the degree of membership of rules. U(i) and U(j) are the inputs
membership functions respectively.

5.5.6 Determination of the Defuzzification Method
The defuzzification is the process of generating a quantitative results based on given fuzzy
sets and corresponding membership degrees. The defuzzification process transfer the
linguistic logic to numerical results. Therefore, the output is a numerical value which can be
directly used to adjust the system. The common and useful defuzzification method is “center
of gravity”, where the calculated numeric value indicated the center of gravity of the
probability distribution of fuzzy system output. The defuzzification equation is expressed as
follows:

C = ∑(u(i，j) × C(i, j)) ∕ ∑𝑢(𝑖, 𝑗)

(3)

5.6 Verification of the Control Method
The feasibility and robustness are tested and evaluated. The fuzzy controller was integrated
into the welding process through the interface of Labview. The scheme of controlling is
shown in fig20. Three test systems have been used to evaluate the reliability of this adaptive
exposure time control system. The first experiment used to test the adaptive exposure time
controller was conducted at constant current. The second way to test the controller is based
on the continuous change of welding current which increases gradually from 100 A to 160 A.
The third one is based on the gradient change of current which is changed from 80 to 100 at
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very short time. The experiment matrix is shown as follows Table5.5.

The results of experiments are shown as follows. The Fig5.27 is tested under the experiment
NO.2. The current changed from 100 to 160 gradually. The distribution of exposure time is
changing gently corresponding to different current as shown in Fig5.27(a). Three typical
images are selected at different condition where welding current is 120A, 140A and 160A
respectively. It is clear that, at different currents, the images still have distinct weld bead
profile and the noise and disturbance of arc light are controlled at a rational level.
Table5.5: Experiment matrix of verification tests
Experiment

Input variables

number
Current(A)

Welding

Welding speed(mm/min)

Wire feed speed(m/min)

length(mm)

1

120

100

150

1.5

2

100-160

100

150

1.5

3

140-120

100

150

1.5

*For experiment 3 the current was changed abruptly midway through the weld (and in-situ) from 140 A to 120 A.
For experiment 2, the current was changed from 100 to 160 with constant increment.

(a)
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(b)

(c)

(d)
Fig 5.27: (a)Exposure time recorded during welding process. (b) Image captured at current 160A. (c) Image
captured at current 140A. (d) Image captured at current 120A

The Fig5.28 is based on the experiment No.1 where the current is set as constant 120A. The
results show that the exposure time keeps constantly after being controlled as shown in
Fig5.27 (a). Several images are selected from the welding process. The Fig5.28 (b) is
captured at the initial condition with low exposure time (0.008). This image carries less
useful details. The weld bead is unclear as shown in Fig5.28 (b). Hence the exposure time is
keeping increase. The fig5.28(c) is chosen from the point where exposure time is 0.015
before reaching the stable phase. The weld bead becomes visible but remains some arc
noise. The Fig5.28 (d) is selected from the stable phase where the exposure time oscillates
in a tiny range. The weld bead is distinguished and the noise from the arc light is restricted
in a very size. The detail and useful information could be easily detected and analyzed by
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the following steps.

(a)

(b)

(c)

(d)
Fig5.28: (a)Exposure time distribution. (b) Image captured at exposure time 0.008s. (c) Image captured at
exposure time 0.015s. (d)Image captured at exposure time 0.02257s
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The Experiment 3 conducted at gradient change of current is shown as Fig5.29. The current
is set as 140A at the initial half of the welding. The current is adjusted to 120A at the rest of
the welding. The decrease of current is in very short time. The images are captured at three
different points which are 10mm, 50mm and 80mm. At the 10mm point shown in Fig5.29
(b), the exposure time is 0.02270s which is not reached the proper value of exposure time.
The weld bead is not clear as shown in picture. Hence, the exposure time was continuously
increased. At the 50mm point shown in Fig5.29 (c), the exposure time almost remained
constantly at 0.038s.Clear weld bead could be observed. Sufficient information is carried at
this value. After deceased the current, the exposure time value decreased and kept at 0.023s
finally. The Fig5.29 (d) shows the result after controlled. The details of weld beads still
displayed clearly.

(a)

(b)
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(c)

(d)
Fig5.29: (a) Exposure time distribution. (b) Image captured at welding length 10mm. (c) Image captured at
welding length50mm. (d) Image captured at welding length 80mm

5.7 Chapter Summary
In present work, through manually adjusting camera exposure time in Labview, the proper
weld image can be captured where meaningful information is observed with less noise and
disturbance of arc light. However, according to a plenty of experiments, the welding images
are strongly influenced by different exposure time. A lot of noise and unrelated information
was found at high exposure time while unclear weld bead was observed at low exposure
time. This phenomenon leads us to design an adaptive exposure time control method to
adjust the camera configuration dynamically based on different welding current. With the
analysis of boundary point and Modified mean greyscale value of green color (MM_V) in
welding image, the relationships within these parameters and exposure time have been
established. Hence, the fuzzy controller was developed based on these characteristics.

Consequently, the proposed method has been implemented on Labview fuzzy logic toolbox
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and achieved the goal of adjusting exposure time dynamically. Through the verification
experiments, the adaptive exposure time control method performed well in different
simulations of the real-world welding process. The distinct weld bead profile could be
observed at various currents. Hence, the outputs obtained allowed the welding images to be
identified and processed accurately in following sections. .
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6 Image Processing and Edge Detection
6.1 Motivation
The main task of weld bead quality control is to measure and regulate the weld bead width.
During the welding process, the significant heat input will change the weld bead size as
aforementioned. Generally, the weld bead width is predicted under mathematic models such
Artificial neural network (ANN), Surface response model (SFM) and ANOVA method or
estimated by weld pool size. The mathematic models can predict and control the weld beads
width under predictable condition. It is vulnerable and unstable while the welding parameters
alter significantly such as current. Moreover, it lacks the ability to adjust the welding
parameters online which means the process could not be controlled. However, some work
combines mathematic models and real-time vision system to estimate the width of weld beads
or uses the active vision sensor to project laser light to measure the profile of weld beads. The
predicted models exist unavoidable errors and the detection zone is far behind the solidified
weld bead over 15mm normally due to the disturbance of arc light [82]. Therefore, to obtain
proper and accurate width value of weld bead for subsequent controlling process, an improved
edge detection algorithm and width correction process have been presented.

6.2 Image processing
Through the employment of adaptive exposure-time control method and proper selection
composite filters, the images with clear weld bead profile could be captured. The CCD camera
captures 10 RGB images per second at a resolution of 768*576 pixels. The image with weld
bead profile is displayed at Fig6.1. However, to extract the width of weld bead from original
images, there are still existing several steps for obtaining the accurate value of the bead width.
The steps for edge detection are shown as follows.
1) Camera calibration
2) Image enhancement
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3) Performing edge detection algorithm
4) Integrated into Labview

Detection region

Fig6.1: Weld image characteristics

6.2.1 Camera Calibration
In order to calculate the size of weld bead width in world units and locate the position of the
main object of the camera for further tests, verification and control, the camera calibration is
regarded as a critical prerequisite work. The objective of camera calibration is to estimate the
parameters of a lens and image sensor of a camera. These parameters can be used to correct
the lens distortion and measure the size of weld bead width in world units.

The camera parameters include intrinsic parameters, extrinsic parameters, and distortion
coefficients. The Labview image calibration algorithm uses the camera model presented by
Jean-Yves ouguet[93] to solve for the camera parameters.

The calibration process is developed based on a pinhole camera model [94] and Lens
distortion [95]. The pinhole camera parameters are normally represented by a 4*3 matrix
which is camera matrix shown in EQ1. Where the 𝑧𝑐 is scale factor. u, v, 1 are the image
points. [u,v,1] can represent a 2D point position in pixel coordinates. The [𝑋𝑊 𝑌𝑊 𝑍𝑊 1] are
the world points which is used to represent a 3D position in world coordinate. [R T] represents
the camera matrix. R and T are the extrinsic parameters. K is the intrinsic matrix including
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focal length, principal point and the skew coefficient expressed as equation2. This 4*3 matrix
maps the 3-D world object into the image plane and the extrinsic and intrinsic parameters are
used to calculate the camera parameters.

𝑧𝑐 [𝑢 𝑣 1] = 𝐾[𝑅 𝑇][𝑋𝑊 𝑌𝑊 𝑍𝑊 1]

(1)

The extrinsic parameters include a rotation (R), and translation (T). The original coordinate
system of the camera is at its optical center where its x-axis and y-axis define the image plane.
The illustration is shown as Fig6.2.

Fig6.2: Description of extrinsic parameters. [93]

The intrinsic parameters include the optical center, the focal lengths which also named as the
principal point, and the skew coefficient. The camera intrinsic matrix (K) is displayed as
follow.

K

=

𝑓𝑥
[𝑠
𝑐𝑥

0
𝑓𝑦
𝑐𝑦

0
0]
1

(2)

Fig6.3: Illustration of Pixel skew

Where the 𝑐𝑥 and 𝑐𝑦 represent optical center in pixels. The 𝑓𝑥 and 𝑓𝑦 are the focal length
in pixels. The 𝑓𝑥 and 𝑓𝑦 is calculated by eq3,4. The 𝑝𝑥 and 𝑝𝑦 represent the size of the
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pixel in real world units. S is the skew coefficient. It is non-zero while the image axes are not
vertical. The pixel skew is shown in Fig6.3.

𝑓𝑥 = 𝐹/𝑝𝑥

(3)

𝑓𝑦 = 𝐹/𝑝𝑦

(4)

Distortion is another common issue in camera calibration. The radial distortion normally
observed at the edge of a lens where the incident light beads more severely. The Fig6.4 [93]
shows the common phenomena of the radial distortion.

Negative radial distortion

No distortion

positive radial distortion

Fig6.4 common phenomena for radial distortion [93]

However, since the distortion is barely observed in Fig6.6, the lens distortion is no need to
carry on.

Once the image acquisition system is equipped with the robot, the camera calibration is
performed to estimate and calculate the intrinsic and extrinsic parameters shown in Fig6.6. A
201mm*297mm calibration grid map has been used to perform the calibration which is shown
as fig6.5. The distance between each dots center is 10mm. The results of the camera
calibration are shown in table1. From the Table6.1, it could be found that the pixel error

range is 0.6807 to 0.95192. This precision could satisfy the requirement of measuring weld
beads width.
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Table6.1: Calibration results of the CCD
The calibration results based on Labview
Focal length
Principal point

𝑓𝑐 = [3782.02 3244.14 ] ± [255.17548 248.23042]
𝑐𝑐 = [563.023 327.509] ± [154.48150 98.17234]

Distortion

0.92351%

Pixel error

Err=[0.680748

Fig6.5: Calibration grid

0.95192]

Fig6.6: Calibration process

6.3 Image Enhancement
The edge detection algorithm is basically based on the distribution of the greyscale value of
pixels of an image. It is unlike the human who can observe and distinguish the object from
the complex background based on a large amount of knowledge and perceive on an object.
Hence, in order to help the computer to understand and locate the position of an object, key
features of an object should be determined and applied in the image processing section.

6.3.1 Determination of key Features in the Welding Image
In order to drive the edge detection algorithm to find the boundary of weld bead accurately,
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the HAZ zone has been introduced as the significant feature in the welding image. The Heataffected zone (HAZ) is an area of work piece or base material around the weld bead which is
not melted and the microstructure and mechanical properties have been changed by the
significant heat input during welding process[96, 97]. These changes are caused by the
significant heat input from welding process and subsequently cooling process through the
weld interface to the termination of the sensitizing temperature of the base metal [58, 64].
The extent and magnitude of the HAZ phenomena strongly depends on the material of base
metal, the wire feed materials and the amount of heat input. The normal HAZ phenomena and
illustration of HAZ are shown in Fig 6.7. However, these HAZ is common observed in
welding joints process. For the bead-on-plate welding, the penetration size is smaller than it
detected at welding joints process. Hence, the heat transfer from welding process to base
metal changed under this condition. The HAZ using bead-on-plate welding is shown in Fig6.8.
From the Fig6.8, the range of HAZ becomes wider at the end of the welding due to the
accumulation of the heat input. More importantly, inside the HAZ, the area around the weld
bead in a very small range which has much more smooth surface and different surface
topology is solid-solution zone or solid-liquid transition zone as shown in Fig6.9 and Fig6.8.
The solid-solution zone is the key feature in HAZ used to determine the weld bead geometry.

(a)

(b)
Fig6.7: (a)Illustration for HAZ of joint welding. (b) Appearance of HAZ on joint welding(b) [63]
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Fig6.8: Appearance of heat-affected zone on bead-on-plate welding

Fig6.9: Appearance of solid-solution zone in HAZ

During the welding process, the solid-solution zone is generated by fusion of the partially
molten base metal and wire materials. The crystal structure of the solvent (base metal)
remains unchanged with adding the solutes (wire material). Although the crystal structure
remains unchanged, the surface appearance has significant variation comparing to the
surrounding base metal. From the images captured by the CCD camera, the Solid-solution
zone is detected clearly as shown in Fig6.10. It is assumed that the surface of Solid-solution
zone has smooth appearance and great surface topology than the weld bead and surrounding
base metal. This distinguished characteristic results in more arc light reflected into the camera
sensor. Therefore, the clear boundary of weld bead could be observed based on the Solidsolution zone.

Fig 6.10: solid-solution zone observed in welding image
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6.3.2 Verification for Solid-solution Zone
● Thermal radiation
In order to prove the theory, two aspects have been thoroughly discussed. Normally, the light
could be captured during welding process mainly dependent on two factors which are body
temperature and the Glossiness of an object. Since all object can emit electromagnetic
radiation, the amount of radiation emitted at each wavelength depends strongly on the
temperature of an object[98]. Therefore, the body temperature has directly effect on the
visibility of an object. While the body temperature is over 500-degree centigrade, it reaches
into the visible region. Considering welding process is over 1000 degree centigrade. The
analysis of each zone’s thermal radiation is imperative. Wien has presented the relationship
between wavelength and temperature, which called Wien’s displacement law. The Wien’s
displacement law states that the spectral radiance of black body radiation per unit wavelength
and the peaks at the wavelength. The formula used to calculate the peak wavelength is
expressed as follow:
𝑏

𝜆𝑚𝑎𝑥 = 𝑇

(5)

Where T is the absolute temperature in Kelvins. b is a constant called Wien’s displacement
constant, which equals to 2.8977729 × 10−3 𝑚. 𝐾.[w] Trough this formula, the wavelength
of each zone’s thermal radiation could be analyzed.

Fig6.11: Temperature distribution of each zone in HAZ]
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Based on the temperature distribution of several regions in HAZ from Fig6.11, the
temperature of solid-solution zone and solid-weld (weld bead) is 1400 and 1500 degrees
centigrade respectively. Based on the eq5, the peak wavelength of each zone is 1630 nm and
1732 nm separately. The distribution of the wavelength could be drawn and shown in the
Fig6.12. Through analysis of the graph, the wavelength of each zone at 650nm is relatively
weak and with difficulty to pass through the filters with center wavelength 650nm. Thus, the
majority of the light which is lower or higher than 650nm is filtered out. Hence, if the thermal
radiation of solid-solution zone is detectable, the thermal radiation of weld beads and base
metal should be visible as well. However, the adjacent weld bead and base metal are barely
detected which approves the temperature has negligible effect on capturing the profile of
solid-solution zone.

Fig 6.12: Wien’s displacement law

● Surface Condition

Another critical factor is related to the surface glossiness. The glossiness is defined as an
optical attribute which represents the extent of the smoothness of a surface and how much a
surface can reflect light in a specular direction. It is common used to depict the visual
appearance of an object. The surface topography, the refractive index of the material and the
angle of incident light are three main factors influence the glossiness. However, the material
of base metal and wire is the same metal(steel) and the angle of the incident light is the same
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as well. The only reason influences the visibility of the object is the surface topography. While
arc light illuminates weld beads and the surroundings, several factors interact with this
process. The main issue among them is how the light is reflected. Typically, there are two
ways of light reflection, namely diffuse reflection and specular reflection. Considering the
roughness of weld bead is relatively worse than solid-solution zone, diffuse reflection mostly
occurs in weld bead where the light is scattered in various directions. Hence only few light
could reach the camera sensor and appears blackness. On the contrary, as solid-solution zone
is glossy, it can reflect more light to the camera and appear the profile of this area. Hence,
based on these features of solid-solution zone, the weld bead could be determined. Meanwhile,
the solid-solution zone is around the whole bead and the detectable point is very close to the
weld pool where the solidification of the melted wire and metal just occurs shown in Fig6.13,
which can reach the requirement for weld bead width control in real-time.

Fig6.13: Characteristics of weld bead and molten pool

6.3.3 Image Enhancement
In order to determine the weld bead location and extract the profile of weld bead, the proposed
methods are constituted by three steps. Firstly, visual attention method can track and locate the
desired targets or objects from the complicated background. Secondly, the width reference is used
to determine whether the detected edge of the weld bead is correct or not. Thirdly, a close-loop
controller enables the edge detection algorithm self-adjusted and finds the correct edge of the
bead. The general flow of the proposed methods is shown in Fig6.14.
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Fig6.14: General scheme of image processing

6.4 Implementation of the Proposed Method
6.4.1 ROI Windows
The original welding images are RGB format with 768*576 pixels. Most of the images carry few
useful information. Therefore, to decrease the operation time of image processing and save the
CPU time, Region of interest method is used to extract the main object from an image [99]. The
ROI windows are chosen as a rectangle with left-up X-coordinate 280 and Y-coordinate 225 and
right-down X-coordinate 739 and Y-coordinate 538 at the center of the image shown in Fig6.15.
After selecting ROI windows, the pixels to be processed decrease from 442368 to 143667.
Therefore, the ROI can significantly decrease the operation time.
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.
(a)

(b)

Fig 6.15: (a) original welding image. (b) Selection of region of interest

6.4.2 Median Filter
As the electric arc during GTAW process has a wide range of wavelength, the optical band-pass
filters and dimmer glasses hardly reduce all the interference and disturbance such as spatters and
strong arc light. Besides, the electromagnetic noise cannot be totally eliminated and a long
transmission system results in diminishment in signals [81, 82]. Hence, a median filter was used
to alleviate the effect of noises and disturbance.

The median filter is a nonlinear digital filtering technique normally used to reduce the noise and
performed as a pre-processing step to improve the quality of images for the following processing,
especially for edge detection on weld bead where excessive unrelated information results in
instability of detection process. The filter has the capability to maintain the profile of edges while
removes noise. This method uses a template to smooth the noise. The median filter retrieves all
the pixels in an image and review the nearby pixels in a selected size template. Normally a
template size with 3*3 is applied to each pixels. As shown in Fig6.16, the pixel values within the
template are sorted by from the lowest to highest in numerical order. Instead of replacing the pixel
with the mean value of the template, the middle value of the sorted array is used to replace the
central pixel of the original template. The original image and image processed by the median filter
are shown in Fig6.17.
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Fig 6.16: Illustration of median filter
Sorted pixel values

(a)

(b)

Fig6.17 (a) Original image. (b) Image processed by median filter

6.4.3 Energy Center
In order to perform the edge detection in welding process, it is inevitable to design a model to
decide the detection position of the weld bead. Considering the camera and reflection mirrors are
fixed in the shield, a slight variation of electrode position and the oscillation of gas flow will
affect the location of weld beads and pool in an image. A model called energy central detection
was developed to drive the system to find weld bead and molten pool location automatically. This
technology calculates the energy center of the image. The energy central detection using a
standard centroid equation is shown as follows.

𝑋 = ∑(𝑖 ∗ 𝑃𝑖𝑥𝑒𝑙 𝑣𝑎𝑙𝑢𝑒𝑠)/ ∑(𝑝𝑖𝑥𝑒𝑙 𝑣𝑎𝑙𝑢𝑒𝑠)

(6)

Y = ∑(𝑢 ∗ 𝑝𝑖𝑥𝑒𝑙 𝑣𝑎𝑙𝑢𝑒𝑠)/ ∑(𝑝𝑖𝑥𝑒𝑙 𝑣𝑎𝑙𝑢𝑒𝑠)

(7)
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Where the i and u represent the coordinate of a pixel. The pixel value is the greyscale value of the
pixel which is ranged from 0 to 255, where 0 indicates black pixel with the lowest intensity and
255 indicates white pixel with the highest intensity. During the analysis of images at different
currents, the energy central is always located at the front of weld pool. The coordinate of weld
pool could be determined by adding an offset value α to x-coordinate. Based on processing a
plenty of images, the value of α is roughly from 30-40 where the weld bead could be detected
most near the weld pool with lowest effect of arc light. The illustration of energy center at different
currents as shown in Fig 6.18.

(a)

(b)

(c)

(d)

Fig6.18: (a) Original image at current 100A. (b) Energy center at current 100A. (c) Original image a current

Weld pool

140A(c). (d) Energy center at current 140 A.

6.4.4 Edge Detection
After removing the noises and determining the detection position, the width of weld beads could
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be measured through edge detection model. The edge detection finds the edges along a selected
line in the image related to the position of energy center. The searching line is depicted in Fig6.20.

Fig 6.20: Selected line for performing common edge detection

The main concept of edge detection is to find the abrupt changes or discontinuity in the greyscale
value of pixels [94]. Normally, the edges are found at the significant change in the greyscale
values between adjacent pixels in an image. The Fig6.19 shows the basic model used to
characterize an edge. The edge strength is defined as the minimum difference between the
background and the edge in greyscale values. The edge length indicates the maximum distance
where the expected grayscale difference between the edge and background must occur. The length
characterizes the slope of the edge. However, the traditional edge detection method barely finds
the correct discontinuity upon complex condition. The effect of spatter and other uncertainty
during welding processing may influence the performance of this algorithm. Additional
parameters should be involved to eliminate the false edge and improve the feasibility of edge
detection algorithm. Hence, improved edge detection method has been presented.

In order to compute the edge strength along the pixel profile more powerful and robust during
welding process, an advanced edge detection method has been developed based on the basic edge
detection algorithm. The advanced edge detection algorithm applies a kernel operator to calculate
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the edge strength along pixels of a line. The kernel operator is a local approximation of the first
derivative and applied to each point in the selected line where edges are located. The gradient of
pixels is a vector which has magnitude and direction. The magnitude and direction are described
in eq8, eq9 and eq10 respectively, where the magnitude indicates the edge strength and direction
indicates the edge direction. However, the normal gradient orientation carries as much
information. Hence, the Fourier transform has been used to reduce the noise and presented in
Eq11.
𝜕𝑓(𝑥,𝑦)
𝜕𝑥

≈

𝑓(𝑥+1,𝑦)−𝑓(𝑥,𝑦)
1
𝜕𝑓 𝜕𝑓 𝑇

∇f = [𝜕𝑦 , 𝜕𝑦]
θ = tan−1 (

𝜕𝑓

𝜕𝑦

/

(8)
(9)

𝜕𝑓
𝜕𝑥

)

+∞

F(𝜔) = 𝐹|𝑓(𝑡)| = ∫−∞ 𝑓(𝑡)𝑒 −𝑖𝑤𝑡 𝑑𝑡

(10)
(11)

`

Where the x and y are the coordinate of each pixel, f(x,y) is the greyscale value of pixel located
at 𝑥 𝑡ℎ row and 𝑦 𝑡ℎ column respectively.

The Fig 6.21 shows the pixel value along the selected line (Fig6.20) and the corresponding
gradient values computed using kernel operator of size three is shown in Fig6.22. The valley of
the edge strength is the edge point detected by the algorithm.

Fig 6.19: Common method used to detect edge based
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Fig 6.20: Selected line for edge detection

Fig 6.21: Pixel value along selected line

Fig 6.22: Edge strength distribution

Furthermore, to reduce the effect of the arc noises or unpredicted disturbance, this algorithm has
been improved and provided additional factors to determine the proper boundaries of an object,
which are steepness parameter, width, edge polarity and threshold of strength.
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The edge polarity is used to determine whether an edge is rising or falling. The rising edge is
featured by observing increment in grayscale values across the boundary. On the contrary, the
falling edge is featured by seen a decrease in grayscale values across the boundary. Fig6.23 shows
the illustration of edge polarity. In this case, the pixel value of solid-solution zone is considerably
higher than the weld bead. Hence, along with the searching line, the pixel value decreases abruptly
from solid-solution zone to weld bead. The edge polarity is chosen as falling for the upper size.
On the contrary, the rising is chosen for the lower side of the bead.

Fig6.23: Illustration for edge polarity

The improved algorithm will average pixels before and after the data point being processed. The
width parameter is used to determine the number of pixels averaged for each side. The larger the
width value is, the more noises will be included. Normally, width value of 3 is selected. The
steepness is defined as the number of pixels averaged after the analyzed point. The illustration of
these parameters is shown in Fig6.24.

Fig6.24: Illustration for improved edge detection method
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The threshold is a user-set value used to determine the minimum difference for an edge where the
point is greater than the threshold stored in memory for further analysis. Each pixels will be
analyzed successively until the contrast reaches the maximum value and then follows with a
smaller value. This point is labeled as a starting point of edge. The steepness value is added into
the starting point to obtain the ending point of edge. The location of edge is defined as the contrast
between the edge pixel intensity value and the start edge value is larger or equal to half of the
contrast between the start value and edge value. The illustration of the relationship between the
parameters and edge profile is shown in Fig6.24. After a plenty of experimental tests for edge
detection, the proper values for these parameters are determined as, width is 3, kernel size is 3,
Steepness is 10 and Minimum strength is 5 as shown in table6.2. The results of the edge detection
is shown in Fig6.25. The length of edge will be obtained by calculating the differences of Y-axis
location of both edges. For further processing, these parameters could be adjusted according to
edge reference described as follows. If the false edge is detected, minimum strength will be
adjusted to acquire the right edge.
Table6.2: Parameters of edge detection algorithm
Parameters

Width(w)

Kernel size

Steepness

Minimum
strength

Value

3

3

10

5

(a)

(b)
Fig 6.25: Improved edge detection performed at weld bead. (a)Upper edge. (b) Lower edge
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6.5 Width Correction Process
In order to avoid the wrong edge detected through the previous step, two methods have been
designed to eliminate the error and automatically adjust the position of detection area and
parameters in edge detection algorithm. The first one is the width reference.

6.5.1 Width Reference
The width reference is the width of the selected area of the weld pool. As the weld pool surface
is shaped like an elongated ellipsoid as shown in Fig6.26 [97], in the middle of the weld beads,
the metal remains in molten phase while the side of the weld bead is solidified [42, 82, 100].
Hence, at the detection point, the weld pool width is definitely smaller than width of weld bead.
Based on the edge detection algorithm, the comparison of weld pool size and weld bead size is
illustrated in Fig6.27 (b) and Fig 6.28 at current 120A. The molten pool size is relatively smaller
than weld bead through all the points.

Fig 6.26: Weld pool shape [97]

Therefore, considering the unpredicted influences on edge detection process such as the spatters
or abrupt changes in arc light, the width of weld pool along with same detection position of weld
bead is measured and set as a reference value. Additionally, the intensity of weld pool pixel is
more stable and has distinct difference from background which makes the edge detection more
effective. The intensity of weld pool is shown in Fig6.27 (a). Hence, If the width of weld bead is
smaller than the reference value, the parameters of the edge detection algorithm will be adjusted,
namely the minimum strength. Considering the processing time for each image, 10 actions are set
for adjustment of edge detection parameters. The minimum strength value is adjusted from 14 to
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4 during the correction process. However, if the correct width has not found based on the width
reference, a further signal filter will be exerted.

(a)

(b)
Fig6.27: (a) Intensity along selected line. (b) The selected line across molten pool and weld bead

Fig 6.28: Size of weld pool and weld bead at current 120A
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6.5.2 Dynamic Weighted Filter
In order to further eliminate the error width during edge detection process, a dynamic correction
of width has been designed by two different methods. The first method is called weighted matrix.
The width of current point and former two points is computed with a weighted matrix. The
weighted matrix is shown in Table6.3 and calculated in eq12. The i is the sequence of weighted
matrix. The w is width of each point and the u is the value of weighted matrix. The current width
occupied the most weight and the others account for less weight. Furthermore, the second method
is the estimation of width gradient. The gradient is calculated from the first derivative of width.
A threshold has been introduced to estimate the value of width. The threshold was set for 2 based
on plenty of experiments. The variation of width is over the threshold will be regarded as the
wrong edge, and the previous width value will be replaced current width. Two methods integrated
together to perform more stable results. The comparison of measured width based on DCW
(Dynamic weighted filter) and original data is shown in Fig6.29. The results indicate the
disturbance and the wrong edge value has been removed.
W = ∑𝑛𝑖 𝑤𝑖 𝑢𝑖

Table6.3 weighted matrix
Point

3th

2th

1th

Value

0.1

0.3

0.7
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(12)

Fig6.29: Weld bead width processed based on DCW and without DCW

6.6 Verification Experiments
In order to prove the stability and reliability of the edge detection methodology and the theory
about Solid-reflection zone as aforementioned, the width of bead measured by the laser scanner
and measured width by edge detection algorithm are plotted in Fig6.30. The error percentage
between the measured width (by laser scanner) and measured width (by edge detection algorithm)
is plotted at Fig31. Though, the error between the mean value of the measured width and laser
scanner is 5%. Hence, the results show the robustness of the edge detection method. The
subsequent steps could be performed based the improved edge detection method.
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Fig 6.30: Measured width and calculated width

Fig 6.31: The error percentage between measured width and calculated width

6.7 Chapter Summary
This chapter combined image enhancement method and edge detection algorithm to calculate the
width of weld bead in real-time with CCD camera. The Solid-solution zone in the heat-affected
zone was introduced to help the edge detection algorithm to locate the boundary of the weld bead.
With distinct surface glossiness of solid-solution zone comparing with base metal and weld bead,
it can reflect more light into the camera sensor which results in the clear shape of solid-solution
zone observed in welding images.
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The image enhancement has presented a median filter to effectively reduce random defects and
strong interference of arc light in an image. The processed image carries less unrelated
information and maintains clear shape of the solid-solution zone. The improved edge detection
algorithm was introduced to measure the width of weld bead. This technique has been developed
based on the common edge detection algorithm. Several new parameters, namely width, steepness,
Flourier operator and minimum strength, are applied in the new algorithm to detect the edge of
bead more accurate.

The value of width measured by edge detection algorithm is processed by a correction method.
The width correction method includes a width reference and dynamic weighted filter. The width
reference is determined by the weld pool size. It is used to remove the false edge which is smaller
than the reference. The dynamic weighted filter uses a weighted matrix to adjust the current bead
width. Combined with analysis of first derivative of previous widths, the abrupt change of width
indicates the wrong edge detected. The parameters of edge detection algorithm can be adjusted
through the dynamic weight filter when the wrong edge is detected.

The complete image enhancement and edge detection algorithm are proved by the verification
tests. The feasibility and accuracy of this technique meets the requirement of width control system.
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7 Weld bead width control Method
7.1 Objective
In this chapter, the off-line analysis of determining appropriate welding parameters to be
controlled, adaptive exposure time control method, improved edge detection algorithm and realtime width controller was integrated together to achieve the objective of this thesis.

The weld bead width control method is based on the fuzzy logic [58, 101]. The controller has
been appropriately designed to adjust the welding parameters determined previously. The
reliability and accuracy of this system will be tested through different type of experiments.

7.2 Design of fuzzy control
The fuzzy controller was designed and performed in the Labview control toolbox. The general
controlling process is described as follows.

7.2.1 Determination of the Input, Outputs Parameters
The input variables are dived into two groups. The error width (EW) is calculated error between
the calculated width and the predicted width. The change of error (CE) is the gradient of change
in errors. The output variable is the welding current due to the significant influence on the weld
bead width. It can be adjusted in a wide range and controlled precisely.

7.2.2 Determination of the Membership Functions
For the input variables, five functions were chosen for error width(ER) which are SP(super
positive), P(positive), Z(zero), N(negative) and SN (Super negative) shown in Fig7.1 and three
membership functions were designed for error change (CE) which are SP(super positive),
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N(negative) and Z (ZERO) as shown in Fig7.2. The proper parameters chosen for each
membership function depend on the experience acquired from a plenty of experimental tests.

For the output variable, five functions were chosen for controlling welding parameter shown in
Fig7.3, which are same as error width, SP, P, Z, N, SN. In order to adjust the speed of controlling,
a changeable gain value is exerted to the output variable as expressed in eq1. The range of the
gain value is from 1 to 3. The final output variable is the value divided by the gain value.

𝐼𝑖 = α/𝐼𝑂

(1)

Where the α is the gain value ranges from 1 to 3. The 𝐼𝑜 is the output of fuzzy controller while
𝐼𝑖 is the adjusted output.

Fig7.1: Membership functions for Error width(ER)

Fig7.2: Membership functions for change of error (CE)
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Fig7.3: Membership functions for current

7.2.3 Determination of the Rules
According to these functions, rules are defined and introduced in the follow table where the
linguistic rules construct control strategies. The CE means change of error. WC means the output
variable, current.
Table7.1 the rules for input variables and output variables
If ”error width” is “SN”

and

“CE” is “SP”

then

“WC” IS “SP”

If ”error width” is “SN”

and

“CE” is “Z”

then

“WC” IS “P”

If ”error width” is “SN”

and

“CE” is “SN”

then

“WC” IS “N”

If ”error width” is “N”

and

“CE” is “Z”

then

“WC” IS “P”

If ”error width” is “N”

and

“CE” is “SP”

then

“WC” IS “SP”

If ”error width” is “N”

and

“CE” is “SN”

then

“WC” IS “P”

If ”error width” is “Z”

and

“CE” is “Z”

then

“WC” IS “Z”

If ”error width” is “Z”

and

“CE” is “SN”

then

“WC” IS “Z”

If ”error width” is “Z”

and

“CE” is “SP”

then

“WC” IS “Z”

If ”error width” is “SP”

and

“CE” is “SP”

then

“WC” IS “SN”

If ”error width” is “SP”

and

“CE” is “SN”

then

“WC” IS “N”

If ”error width” is “SP”

and

“CE” is “Z”

then

“WC” IS “N”

If ”error width” is “P”

and

“CE” is “Z”

then

“WC” IS “N”

If ”error width” is “P”

and

“CE” is “SP”

then

“WC” IS “N”

If ”error width” is “P”

and

“CE” is “SN”

then

“WC” IS “N”
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7.2.4 Selection of the Defuzzification Method
As described in chapter 4, the centroid method has been used as the defuzzification
method.

Finally, the implementation of this control method is developed using the scheme of
improved closed-loop control method shown in Fig7.4. In this diagram, the sensing
system is illustrated in the previous chapter used to capture the image of the welding
process. Adaptive exposure time control method is applied to adjust the camera
parameters to obtain proper images. The captured images are applied to the advanced
image processing method, and the measured width of the weld bead is set as feedback to
the width controller. The adjusted welding current is applied to the welding process to
regulate and keep the weld bead width at the desired value.

Fig7.4: General scheme of closed-loop control system
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7.3 Verification Experiments
7.3.1 Design of Experiment
To verify the reliability and robustness of the advanced integrated controller. Various experiments
were designed and conducted under different initial welding conditions and desired disturbance.
Hence, four experiments were conducted. The experimental tests are illustrated in the Table7.2.
Single bead was deposited on the work piece by moving the weld torch installed in ABB robot
along a straight line. All the beads were deposited in the same direction. The details of the
experiment are shown as follows:

Work piece: Mild Steel
Wire feed material: Stainless Steel
Shielding GAS: Argon
Welding method: Gas Tungsten Arc welding

Table7.2: Experiment matrix
Experiment

Initial

Wire

Number

current(A)

1

feed

Welding

Desired

Welding

rate(m/min)

speed(mm/min)

width(mm)

length(mm)

100

1.6

150

6.5

80

2

110

1.6

150

6.5

80

3

120

1.6

150

6.5

80

4

160

1.6

150

4.5

80

7.3.2 Results and Analysis
● Different initial condition

Experiments with a relative low initial current corresponding to a large desired weld bead width
are conducted here to test the robustness and reliability of the controller. Three experiments were
designed and performed under initial current 100, 120 and 140 A as shown in Table7.2. The
desired weld bead width is 6.5 mm. The wire feed rate is set as 1.6 m/min and welding speed is
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set to 150 mm/min in these experiments. The measured weld bead width combing with desired
weld bead width are shown in Fig7.6 (a). It is clearly that the width control method can lead to
the welding process to produce the desired width of 6.5mm at different initial currents. The purple
line indicates the point where the width controller is activated. The sample is shown in Fig7.6 (b).

(a)

(b)

Fig7.6: Validation experiment at initial current 100A. Measured width of weld bead and desired width (a), Weld
bead appearance (b). The vertical dash line indicates the start time of controlling.

(a)
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(b)
Fig7.7: Validation experiment at initial current 100A. Measured width of weld bead and desired width at initial
current 110A (a), weld bead appearance (b). The vertical dash line indicates the start time of controlling.

(a)

(b)
Fig7.8 Validation experiment at initial current 120A. (a) Measured width of weld bead and desired width, (b)
weld bead appearance. The vertical dash line indicates the start time of controlling.

Furthermore, the variations of the input parameters are shown in Fig7.9. As the weld speed and
wire feed rate are set as constant, the straight line in the figure indicates these two parameters. As
can be observed from these three figures, before initiating the control action (indicated by the
purple line), the currents are kept unchanged. When performing the control action (indicated by
the purple line), the current level increases to higher level to increase the heat input into the
welding process to generate a wider weld bead.
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(c)
Fig7.9: Welding input parameters under different initial current. (Initial current = 100A, initial current
= 110 A, initial current =120 A.) The vertical dash line indicates the initiation of controlling.

● Experiment for high initial current

While setting the initial current as 160 A, the desired weld bead width is 4.5mm. The width
and input parameters are shown in Fig7.10. The current level decreases to low level to
decrease to heat input of the welding process. However, the variation rate of the weld bead
width is relative slow than increasing the width. It is probably caused by the heat
accumulation during the weld process before activating controller. However, based on these
four experiments under different initial currents level, the controller has the capability to drive
the system to produce a desired width of the weld bead within a reasonable time, indicating
the robustness and reliability of the controller against different initial current.
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Fig7.10: Welding input parameters at initial current 160 A.

(a)

(b)
Fig7.11: (a) Measured width and desired width at initial current 160, (b) Weld bead appearance

7.4 Chapter Summary
Throughout this chapter, the concept of constructing fuzzy logic to control the weld bead width
was explored. This fuzzy controller can be implemented in Labview software and successively
controls the welding process through the interaction with external welding devices.
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Two types of experiments have been conducted to verify the proposed methodology which
includes adaptive exposure time control, image enhancement, edge detection and dynamic
weighted filter. With a low initial current and a high desired width of the weld bead, the complete
system drives the welding process to produce the desired width within a reasonable time. At the
other end of the spectrum, at a high initial current with a low desired width of weld bead, the
desired width is still achieved. Hence, the goal of controlling the width of the weld bead for singlelayers is achieved.
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8 Conclusions and Future Works
8.1 Conclusion
The goal of the thesis is to develop an optical sensing system integrated with a width controller
for the first layer in multi-layered products produced with wire-arc additive manufacturing.
Mathematical models were developed in the literature to determine the influence of welding
parameters on weld bead geometry. In addition to this, weld bead geometry can be detected with
a basic optical system, developed to acquire welding images. Researchers have established a
separate mathematic model to predict the geometry of weld beads. Moreover, various intelligent
control systems have also been presented in works from different fields.

In this study, initial experiments were designed, using the CCD method, to confirm that the
mathematical models from literatures bears significance on the specific application of the thesis.
These models were found to accurately predict the significance of welding parameters pertaining
to this study. This was confirmed with a second set of experiments.

A vision system which combined composite filters and a CCD camera was implemented. The
optical filters with center wavelength 650 nm and dimmer glasses were chosen from the suggested
range from the literature. The composite filters can effectively reduce the influence of arc light.
The outcome of this system can produce preprocessed weld bead images.

A fuzzy controller was developed and applied to adjust camera the configuration. The relationship
of proper exposure-time and MM_V was thoroughly studied. The MM_V is obtained by adding
a constant to M_V of middle phase discussed in Chapter 5. Thus, the MM_V and current are used
as input variables for the fuzzy controller. The output of the fuzzy controller was used to
compensate for the exposure time. Based on this method, the dynamic control of exposure-time
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during the welding process enables the image of the weld bead to be kept at a desired quality as
current changes. The edge detection algorithm used in this study requires a high quality image to
be processed.

By utilizing the concepts of thermal radiation and the analyses on the surface condition of the
weld bead, the solid-solution zone could be successfully captured by the camera. The solidsolution zone has a smooth surface which can reflect more light into the camera. Thus, the solidsolution zone was observed in the welding image and applied to accurately determine the width
of the weld bead.

With the utilization of the median filter, the noise and disturbance of the arc light were
successfully eliminated. An advanced edge detection algorithm was designed and allows to
measure the width of the weld bead under various conditions. This improved edge detection
algorithm uses a kernel operator to compute the edge strength. The kernel operator uses a local
approximation of a Fourier transform of the first derivative. Furthermore, the adjustable
parameters in the edge detection algorithm were changed dynamically according to the width
reference. The detected width is processed by a DWF (dynamic weighted filter) which help to
remove any false edges. The experimental results proved the feasibility and robustness of the
complete edge detection method.

The input variables of the width control method (which is based on fuzzy logic) are the calculated
error between the calculated width and the predicted width, and the gradient of the change in
errors. The gain value of the output from the controller can be used to adjust the control rate.
Various verification experiments were conducted to test the control method. The experimental
results proved the robustness and feasibility of the complete width control system.

Finally, the highlight of the software is its ability to execute in parallel the desired functions and
to function as an interface with several external devices that regulate the welding process. The
complete control system which includes the adaptive exposure-time control, image processing,
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edge detection and fuzzy controller was successfully integrated into the Labview software. Thus
the desired outcomes are accomplished.

8.2 Future Works
The potential for the thesis to be further expanded could be illustrated from the following sections
1) Geometry of weld bead control in single-bead Multi-layers
2) Height control in single-bead multi-layers
3) Combination with other software

The proposed methods for the potential steps of this thesis.
1. For the weld bead width control in single-bead multi-layers, the thermal radiation should be
drawn more attentions. Through several experiments after welding 4th layers, with the help of
accumulation of the amount of heat input from the welding, the temperature of weld bead
reaches a relatively high level where the thermal radiation from weld bead is located in visible
range which is around 500nm. The weld bead displays red and the meaningful information
probably could be extracted through the edge detection algorithm. However, several issues
are related to this concept as well. According to the images captured at 5th layer, the detection
point is still far behind the weld pool. The distance from detection point strongly influences
the accuracy of width controller. The proposed method to address this issue is to design a
predictive model for weld bead width based on various welding parameters. However, it is
hard to solve the abrupt changes in welding process. Hence, further work on controlling weld
bead in multi-layers still need a plenty of work.

2. The height of weld bead could be controlled simultaneously. The amount of material fed can
be calculated through the wire feed rate. As the width detected from designed method, the
height of weld bead has possibility to be obtained. Based on the RSM(response surface
method), the relationship of width and height could be established.
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3. Although the Labview can perform versatile functions to achieve the objective, these are still
existing some issues. Some sophisticated and customized algorithm should be updated in
other software such as Matlab software. The combination of these two methods can make it
more versatile for use in other applications.
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Appendix: Software development

Fig A.1: Scheme of weld bead width controller

Fig A.2: Camera control
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(a)

(b)
FigA.3: Edge detection and median filter

FigA.4: fuzzy control system for adaptive exposure time control
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FigA.5: Membership functions of adaptive exposure time control

FigA.5: Rules for inputs and output variables
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FigA.6: Adaptive exposure time control system integrated with image acquisition system

FigA.7: Weld bead width control

FigA.8: Membership functions for weld bead width control
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FigA.9: Rules for input and output variables

(a)

(b)
FigA.10: Dynamic width correction. (a) weighted matrix method,(b) false edge remove
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FigA.11: Output variables to TIG welder

FigA.12: Robot connection

FigA.13: Robot disconnection
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FigA.14: robot input

FigA.15: Feedback from welder

FigA.16: Connection with welder and robot
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FigA.17: User interface
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